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ABSTRACT 
CO2 fixation is a thermodynamically and kinetically challenging process, but 
nature has its own way of transforming CO2 into diverse organic molecules. Of our 
particular interest is 2-oxoacid:ferredoxin oxidoreductase (OFOR) that catalyzes the 
anaerobic, reversible inter-conversion of 2-oxoacids and CO2, making use of a small 
electron-transfer protein, ferredoxin (Fd), as the redox partner. This dissertation 
characterizes OFORs and Fds from organisms that exhibit different metabolic patterns 
and investigates how the interplay of OFOR and Fd could impact the fate of CO2 
metabolism, asking the question What controls the catalytic bias of OFOR for CO2 
evolution versus fixation? The study of OFORs and Fds from Desulfovibrio africanus and 
Hydrogenobacter thermophilus through an electrocatalytic assay reveals that the 
reduction potential of Fd is possibly associated with the biological function of OFOR and 
that CO2 fixation requires a low-potential electron donor. The Fd from H. thermophilus 
(HtFd1) is used as a model to probe the factors that govern iron-sulfur cluster potential. 
The dependence of OFOR activity on Fd potential is systematically studied with HtFd1 
		 ix 
and its molecular variants through the electrocatalytic assay and a coupled enzyme assay. 
The results suggest there is a Fd “potential optimum” for OFOR-catalyzed CO2 fixation. 
The study of a 2-oxoglutarate:ferredoxin oxidoreductase (OGOR) and three Fds from 
Magnetococcus marinus MC-1 further highlights other factors such as the intramolecular 
electron-transfer within Fd and the electrostatic and hydrophobic interactions at the 
protein-protein interface in determining OFOR-Fd interaction. The characterization of an 
OGOR from M. marinus MC-1 (MmOGOR) also provides kinetic, structural and 
spectroscopic details for a CO2-fixing OFOR that contains only one iron-sulfur cluster. 
Overall, this work furthers the scientific understanding of how nature achieves CO2 
fixation through supplying reducing equivalents and with enzymes as efficient catalysts, 
and how intermolecular electron-transfer mediated by protein-protein interaction could 
regulate enzyme catalysis.  	
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CHAPTER 1 
 
2-OXOACID:FERREDOXIN OXIDOREDUCTASES AND THEIR REDOX 
PARTNER, FERREDOXIN  	 	
		
2 
1.1 2-OXOACID:FERREDOXIN OXIDOREDUCTASES 
 
The 2-oxoacid:ferredoxin oxidoreductases (OFORs) are a group of enzymes that 
catalyze the anaerobic, reversible interconversion of a 2-oxoacid and CO2, involving two 
electrons and two protons (Scheme 1.1. Gibson et al., 2016a; Ragsdale, 2003). Small 
iron-sulfur proteins, ferredoxins (Fds), usually serve as the electron carrier.  
 
 
 
Scheme 1.1 The chemical reactions catalyzed by OFOR enzymes. Fdox, ferredoxin in 
the oxidized state. Fdred, ferredoxin in the reduced state. The change between Fdox and 
Fdred in this scheme involves one electron.  OOR, oxalate:ferredoxin oxidoreductase. 
OFOR, 2-oxoacid:ferredoxin oxidoreductase. PFOR, pyruvate:ferredoxin oxidoreductase. 
OGOR, 2-oxoglutarate:ferredoxin oxidoreductase. VOR, 2-ketoisovalerate:ferredoxin 
oxidoreductase. IOR, indopyruvate:ferredoxin oxidoreductase.  
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1.1.1 OFOR classifications 
With the exception of oxalate:ferredoxin oxidoreductase (OOR, Scheme 1.1 (1)), 
all known OFOR reactions involve a CoA as the acyl group carrier (Scheme 1.1 (2)), 
which gives rise to OFOR subgroup members including but not limited to: 
pyruvate:ferredoxin oxidoreductase (PFOR), 2-oxoglutarate:ferredoxin oxidoreductase 
(OGOR), 2-ketoisovalerate:ferredoxin oxidoreductase (VOR) and 
indopyruvate:ferredoxin oxidoreductase (IOR) (Gehring and Arnon, 1972; Heider et al., 
1996; Mai and Adams, 1994; Pierce et al., 2010; Uyeda and Rabinowitz, 1971a).  
 
1.1.2 OFOR structural features 
All OFOR enzymes share similar structural features and are believed to have 
evolved from a common ancestor (Horner et al., 1999). They all contain thiamine 
pyrophosphate (TPP) at the active site and [4Fe-4S] cluster(s) to mediate electron-
transfer in the catalytic cycle. In terms of the quaternary structure, all OFORs appear to 
be dimers, yet the number of subunits per protomer varies. They can be found as 
homodimers (α2 type) or as a dimer of heterodimers ((αβ)2 type), heterotrimers ((αβγ)2 
type),	heterotetramers ((αβγδ)2 type) and hetereopentamers (αβγδε)2 type (Figure 1.1, 
Gibson et al., 2016a). Despite the diversity in their quaternary structures, the major 
difference among these OFORs is the lack of a ferredoxin domain (Domain V) in the 
(αβ)2 -3 type (at the bottom of Figure 1.1). Based on the presence of Domain V, OFORs 
could also be classified into two main categories: the three-cluster type (the majority of 
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domain structures in Figure 1.1) and the one-cluster type (the (αβ)2 -3 type, at the bottom 
of Figure 1.1)  
 
Figure 1.1 The quaternary structure of OFORs. This figure is adapted with 
modification from a review article (Gibson et al., 2016a). Rounded rectangles represent 
different domains and the solid lines connecting the rectangles signifies that these 
domains are in the same subunit. The domains are presented from N-terminus to C-
terminus from left to right and the relative position of these domains reflects the relative 
position of these domains in the amino-acid sequence. The function of each domain is 
briefly described at the top of the figure. The notation (α)2 signifies the homodimer type, 
which is usually found in genuses Desulfovibrio, Moorella and Trichomonas (Ragsdale, 
2003). The notation (αβ)2-1 signifies the first of the dimer of hetereodimers types. The 
domain arrangement is essentially the same as the homodimer and is only found in genus 
Magnetococcus (Williams et al., 2006). The notation (αβγ)2 signifies the dimer of 
heterotrimers type, which is represented by the OOR from Moorella thermoacetica 
(Pierce et al., 2010; Gibson et al., 2015).  The notation (αβγδ)2 signifies the dimer of 
heterotetramers type, usually considered the prototype of all OFORs and is typically seen 
in archaeal OFORs. The notation (αβγδε)2 signifies the dimer of heteropentamers type. 
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This type has been observed for an OGOR and a PFOR from Hydrogenobacter 
thermophilus (Yun et al., 2002; Ikeda et al., 2006).  The notation (αβ)2-2 signifies the 
second of the dimer of hetereodimers types. This domain arrangement has been observed 
for Methanobacterium thermoautotrophicum (strain Marburg) (Tersteegen et al., 1997). 
The notation (αβ)2-3 signifies the third of the dimer of hetereodimer types. In this type, 
Domain V is missing. This type has previously been observed in genus Halobacterium, 
Hydrogenobacter and so on (Kerscher and Oesterhelt, 1981a; Yoon et al., 1996). Domain 
IV is usually found in the (α)2 type and in some cases, the (αβ)2-1 type. It lies at the 
exposed surface of the dimer. Domain VII is only found in genus Desulfovibrio and is 
shown as a dashed rectangle. It extends over the other monomer and may confer stability. 
The presence of Domain IV and VII may be species-specific and is not conserved across 
the OFOR enzyme family. 	
 
OFORs of the three-cluster type have been well characterized for their kinetic 
properties as well as their structural and spectroscopic features. The PFOR from 
Desulfovibrio africanus is the first of the OFOR enzyme family to be structurally 
characterized (Chabriere et al., 1999; Cavazza et al., 2006). It belongs to the (α)2 type, 
comprising all seven domains (Figure 1.2A).  The crystal structure of MtOOR (an (αβγ)2 
type enzyme) further illustrates a complete core domain arrangement. Despite the 
difference in quaternary structures, the overall architecture of MtOOR is almost the same 
as DaPFOR (Figure 1.2B. Gibson et al., 2015). Domain VII is unique to the genus 
Deslfovibrio and it is supposed to play a role in restricting substrates and is responsible 
for the oxygen tolerance of DaPFOR (Pieulle et al., 1997). Domain IV is only observed in 
the (α)2 and the (αβ)2-1 type (Figure 1.2A); in MtOOR, the corresponding region does not 
have any defined tertiary structure (Figure 1.2B, represented by the short orange loop). In 
both these structures, Domain I binds the pyrimidine moiety of the TPP cofactor, while 
Domain II is known as the transketolase C-terminal (TKC) domain and engages in 
interdomain contacts (Costelloe et al., 2008).  Domain III was suggested to be the CoA 
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binding domain (Zhang et al., 1996). Domain V is the Fd domain, hosting two [4Fe-4S] 
clusters. Domain VI binds the pyrophosphate moiety of TPP and also hosts one [4Fe-4S] 
cluster, through an atypical CXGCXnCXnCP ligating motif.  
 
Figure 1.2 The crystal structures of DaPFOR and MtOOR. (A) DaPFOR 
(PDB:2C3M, Cavazza et al., 2006). (B) MtOOR (PDB:5C4I, Gibson et al., 2015). 
Different domains are color coded for one protomer and the other protomer is shown in 
gray.  
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The crystal structures of DaPFOR and MtOOR also allow a closer look at the 
enzyme active site (Figure 1.3). Each protomer of DaPFOR and MtOOR contains a 
complete set of the catalytic machinery, a TPP and three iron-sulfur clusters. The cluster 
hosted by Domain VI is closest to the TPP site and is termed the “proximal cluster”. The 
distances between the edge of the proximal cluster and the C2 position of TPP are 11.5 
and 10.8 Å, in DaPFOR and MtOOR respectively.  
 
 
Figure 1.3 The active site of OFOR. (A) The chemical structure of thiamine 
pyrophosphate (TPP). (B)-(C) The relative position of cofactors in DaPFOR (B) and 
MtOOR (C).  
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The two [4Fe-4S] clusters hosted by Domain V are termed the “medial cluster” 
and the “distal cluster” based on their distances from the TPP site. The distal cluster is 
closest to the protein surface and given that, is presumed to be the site of electron-transfer 
to an external partner. The distances between these cofactors are typical of iron-sulfur 
proteins, indicating efficient electron-transfer on the basis of distance < 14 Å (Moser et 
al., 1992). The reduction potentials of the three clusters in DaPFOR were determined to 
be -540, -515 and -390 mV, through redox titration based on the UV-vis absorption of 
[4Fe-4S] clusters at 420 nm (Pieulle et al., 1995). However, these values cannot be 
assigned to individual clusters. 
 
1.1.3 OFOR reaction mechanism 
The reaction mechanism of the three-cluster type OFOR has been extensively 
studied since the seminal work of Rabinowitz and coworkers on the PFOR from 
Clostridium acidi-urici (Raeburn and Rabinowitz, 1971a, 1971b; Uyeda and Rabinowitz, 
1971a, 1971b). Specifically, Ragsdale and coworkers’ efforts with the PFOR and OOR 
from Moorella thermoacetica provided the spectroscopic evidence for key intermediates 
during the OFOR reaction cycle and detailed kinetic information of key steps (Furdui and 
Ragsdale, 2002; Pierce et al., 2017).  
Based on the proposed mechanism in the 2-oxoacid oxidation direction, the C2 
position of the thiazole group in TPP is thought to be deprotonated, generating an ylide 
form which subsequently attacks the 2-position carbonyl carbon of the 2-oxoacid 
substrates through nucleophilic addition (Figure 1.4, from 1 to 2). The resulting adduct 
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rapidly undergoes decarboxylation to release CO2, forming a key intermediate, C2α-
hydroxylalkylidene TPP (Figure 1.4, from 2 to 3. Furdui and Ragsdale, 2002; Reed et al., 
2012). The C2α-hydroxylalkylidene TPP (enamine form, Figure 1.4, 3b) could exist in 
other resonance structures (C2α anion form, as an example, Figure 1.4, 3a). These steps 
are non-redox reactions and have been observed in all TPP-based enzymes, such as 2-
oxoacid dehydrogenase complex and pyruvate oxidase (Frey, 2003; Jordan 1999; 
Ragsdale, 2003; Tittmann, 2009). 
 
 
Figure 1.4 The proposed reaction mechanism for OFOR of the three-cluster type. 
All steps are proposed to be reversible. The reverse steps are not shown for the sake of 
clarity. The involvement of protons is omitted. The 3a and 3b, 4a and 4b species are 
resonance structures of each other. Other resonance forms could exist as well. [4Fe-4S]2+ 
is the [4Fe-4S] cluster in its oxidized form, shown in red. [4Fe-4S]+ is the [4Fe-4S] 
cluster in its reduced form, shown in blue.  
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In OFORs, the C2α-hydroxylalkylidene TPP is oxidized by the proximal iron-
sulfur cluster through a one-electron process, generating a C2α-hydroxylalkylidene TPP 
radical as the key intermediate (Figure 1.4b), and concurrently, one [4Fe-4S] cluster in 
OFOR is reduced (Figure 1.4, from 3 to 4). The TPP-based radical species goes through a 
second one-electron oxidation when the co-substrate CoA binds, and one more [4Fe-4S] 
cluster is reduced (Figure 1.4, from 4 to 5). The catalytic cycle is complete after the 
release of acyl-CoA from TPP (a non-redox process, Figure 1.4, from 5 to 6) and after the 
two electrons hosted on the iron-sulfur clusters are taken away by the external electron 
acceptor, Fd (Figure 1.4, from 6 to 1). In Figure 1.4, the stacked arrangement of [4Fe-4S] 
clusters cannot be attributed specifically to the proximal, medial and distal clusters, 
though it is assumed that the first electron reduces the proximal cluster. 
In this proposed mechanism, OFORs of the three-cluster type could carry the two 
electrons generated one-at-a-time at different steps of the reaction, making use of two of 
its three clusters. The mechanism of [4Fe-4S]2+ regeneration is unclear, though a “bucket 
brigade” model must require two interactions with Fd (Figure 1.4, from 6 to 1). For 
OFOR of the one-cluster type, the key chemical intermediates can be supposed to be the 
same, but the electron-transfer step will be different due to the lack of additional [4Fe-4S] 
clusters. Figure 1.5 illustrates a plausible model for the reaction mechanism of OFORs of 
the one-cluster type. It suggests the external electron acceptor, Fd, will bind and re-
oxidize the reduced [4Fe-4S] cluster in OFOR, in two different steps of the catalytic 
cycle (Figure 1.5, from 4 to 5 or 6, and from 7 to 1, Kerscher and Oesterhelt, 1981b; 
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Zhang et al., 1996). However, there is no direct evidence demonstrating the existence of 
key intermediates thus far and the reversibility has yet to be established. 
 
Figure 1.5 The proposed reaction mechanism for OFOR of the one-cluster type. All 
steps are proposed to be reversible. The reverse steps are not shown for the sake of clarity. 
The involvement of protons is omitted. [4Fe-4S]2+ is the [4Fe-4S] cluster in its oxidized 
form, shown in red. [4Fe-4S]+ is the [4Fe-4S] cluster in its reduced form, shown in blue. 
4 to 6 could be a single step, with binding of Fd and CoA at the same time, or two steps, 
with the Fd binding step (from 4 to 5) preceding the CoA binding step (from 5 to 6).  
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nitrogenases (Angove et al., 1997; Watt and Reddy, 1994). No previous studies on the 
one-cluster type OFOR have suggested the presence of a [4Fe-4S]0.  
Additionally, it is worth pointing out that OOR does not utilize CoA as a co-
substrate and the reaction has been postulated to go through a “bait-and-switch” 
mechanism. The binding of the negatively charged substrate oxalate and the subsequent 
nucleophilic attack is facilitated by positively charged and polar residues at the active site 
(“bait”: the Asp-out conformation). After the formation of the carboxy-dioxido-methyl-
TPP intermediate, movement of Domain III allows a “switch loop” with an aspartate 
residue to go through a large conformation change and alter the electrostatic environment 
of the active site (“switch”: the Asp-in conformation). The change facilitates the first 
decarboxylation event (Gibson et al., 2016a; Pierce et al., 2017). However, this 
mechanism has not been observed for the other CoA-dependent OFORs.  
 
1.2 FERREDOXINS 
 
Ferredoxins (Fds) are small iron-sulfur proteins that serve as electron mediators in 
biological redox reactions. Historically, Fds were classified as the plant type, which 
contain [2Fe-2S] clusters, and the bacterial type, which contain [4Fe-4S] clusters. In this 
work, the focus will be on the bacterial type as they are generally considered to be the 
redox partner for all known OFORs (Fujii et al., 1996; Pieulle et al., 1995; Yamamoto et 
al., 2010; Yoon et al., 2001). 
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1.2.1 Evolution and structural features of bacterial type Fds 
The bacterial type Fds can be of different cluster types ([4Fe-4S] and the 
derivative [3Fe-4S]) and numbers (monocluster and dicluster). They are believed to have 
evolved from a dicluster [4Fe-4S] common ancestor (Figure 1.6. Fukuyama, 2001).  
Of the bacterial type Fds, the Clostridial type Fd is probably closest to the 
ancestral dicluster [4Fe-4S] Fd. It has two CXXCXXCXnCP motifs which bind two 
[4Fe-4S] clusters and it has the simplest fold of all Fds. Many Fds of this type, such as 
Fds from Clostridium acidi-urici (represented in Figure 1.6 as CauFd) and Clostridium 
pasteurianum, have been subjected to extensive biochemical and structural studies (e.g. 
Bertini et al., 1994, 1995; Moulis and Davasse, 1995; Prince and Adams, 1987). One key 
feature of this type of Fd is that the two [4Fe-4S] clusters are at the same potential, 
suggesting a rapid intramolecular electron-transfer between the two clusters. It is 
therefore difficult to distinguish one cluster from the other experimentally for their role in 
electron-transfer. 
The ancestral dicluster [4Fe-4S] Fd acquired additional structural features during 
evolution and gave rise to other forms. One of them is the Alvin-type, which has a C-
terminal extension and a six to eight amino-acid insertion in the second [4Fe-4S] cluster 
ligating motif (Figure 1.6, AlvinFd. Huber et al., 1995). Correlating with the additional 
structural features, the reduction potentials of the two [4Fe-4S] clusters differ by ~150 
mV ([4Fe-4S]2+/+), suggesting impeded intramolecular electron-transfer between the two 
clusters (Gao-Sheridan et al., 1998, Kyritsis et al., 1998). Other dicluster Fds with 
additional structural features include the insertion of two amino-acids into the first CXXC 
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motif which results in the loss of one ligating cysteine and the formation of a [3Fe-4S] 
cluster and an N-terminal extension with Zn-binding components. These features are 
represented by Fds from Azobacter vinelandii (AzvinFdI) and Sulfolobus tokodaii (StFd), 
respectively (Fujii et al., 1996, 1997; Stout et al., 1988, 1998; Sweeney et al., 1975). The 
reduction potential of the [3Fe-4S] cluster in AzvinFdI ([3Fe-4S]+/0)  is higher (-420 mV) 
than the [4Fe-4S] cluster (-650 mV) and is dependent on pH (Armstrong et al., 1988; 
Iismaa et al., 1991; Sweeney et al., 1975). Additionally, the Zn-binding feature confers 
higher thermostability for StFd and is typical of the thermoacidophilic archaeal Fds (Fujii 
et al., 1996). Overall, the additional features acquired during evolution afforded dicluster 
Fds different redox properties, stabilities and possibly different interactions with protein 
partners.  
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Figure 1.6 A probable evolutionary process of bacterial Fds. This figure was adapted 
with modification from a review article on monocluster [4Fe-4S] Fds (Fukuyama, 2001).  
All crystal structures are color-ramped from N to C terminus. Fd structures viewed 
clockwise: CauFd (PDB:2FDN, Dauter et al., 1997), Fd from Clostridium acidi-urici. 
AlvinFd (PDB:1BLU, Moulis et al., 1996), Fd from Allochromatium vinosum (basonym 
Chromatium vinosum). AzvinFdI (PDB:6FD1, Stout et al., 1998), FdI from Azobacter 
vinelandii, which contains a [4Fe-4S] and a [3Fe-4S] cluster. StFd (PDB:1XER, Fujii et 
al., 1996), Fd from Sulfolobus tokodaii, which contains a [4Fe-4S] and a [3Fe-3S] but one 
iron atom was lost in the crystallization process. BtFd (PDB:1IQZ, Fukuyama et al., 
2002), Fd from Bacillus thermoproteolyticus. DgFdII (PDB: 1FXD, Kissinger et al., 
1991), FdII from Desulfovibrio gigas, in the [3Fe-4S] form. DaFdI (PDB: 1FXR, Sery et 
al., 1994), FdI from Desulfovibrio africanus.  TmFd (PDB:1VJW, Macedo-Ribeiro et al., 
1996), Fd from thermotoga maritima, a disulfide bond is retained in the structure.  
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On the other hand, the ancestral dicluster [4Fe-4S] Fd also lost one [4Fe-4S] 
cluster-ligating motif and gave rise to monocluster [4Fe-4S] Fds (Figure 1.6, right 
branch). The monocluster Fd from Thermotoga maritima (TmFd) could give a glimpse 
into evolutionary diversification. Two cysteines in the second [4Fe-4S] cluster-ligating 
motif (CXXCXXCXnCP) have mutated to residues that could not serve as ligands to iron 
atoms, resulting in the loss of one cluster. However, the remaining two cysteines form a 
disulfide bond, in the position of the lost cluster (Macedo-Ribeiro et al., 1996). In other 
monocluster [4Fe-4S] Fds, for example, FdI from Desulfovibrio africanus (DaFdI), these 
additional cysteines no longer occur, and there is a further loss of the disulfide bond (Sery 
et al., 1994). In FdII from Desulfovibrio gigas (DgFdII), one ligating cysteine changes in 
orientation which would lead to the loss of one iron atom and the formation of a [3Fe-4S] 
cluster (Kissinger et al., 1991). Moreover, gain of additional features is also seen in 
monocluster [4Fe-4S] Fds. As seen in Fd from Bacillus thermoproteolyticus (BtFd), it has 
acquired an additional loop and one α-helix is further extended compared to other 
monocluster [4Fe-4S] Fds (Fukuyama et al., 2002). However, for monocluster Fds, the 
functional difference that may arise from the structural difference has not been 
characterized.  
 
1.2.2 The reduction potential of bacterial Fds 
Because of the diversity in iron-sulfur cluster type, number and the protein 
architecture, bacterial type Fds therefore exhibit diverse biochemical properties. As 
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biological electron mediators, the reduction potentials of Fds have been well 
characterized, though over a wide range of conditions and via different methods. Figure 
1.7 illustrates the range of reduction potentials for different types of Fds.  
 
 
Figure 1.7 The typical reduction potential range in Fds. The values of the potential 
range for each type of Fds were mainly based on a previous review article with 
modifications (Capozzi et al. 1998). [2Fe-2S] cluster Fd is also listed for comparison (-
200 ~ -430 mV. Pochapsky et al., 1994; Stonbaugh et al., 1976). [3Fe-4S] cluster in a 
monocluster Fd, -130 mV (Kissinger et al., 1991). There was only one reported value for 
[3Fe-4S] Fd and the range here is shown as -130 ± 10 mV. [4Fe-4S] cluster in a 
monocluster Fd, -280 ~ -455 mV (Cammack et al., 1977; Mullinger et al., 1975). [4Fe-4S] 
cluster(s) in dicluster Fd, -330 ~-675 mV (Saridakis et al., 2009). [3Fe-4S] cluster in 
dicluster ([3Fe-4S] + [4Fe-4S]) Fd, -140 ~-420 mV (Armstrong et al., 1989; Sweeney et 
al., 1975). [4Fe-4S] cluster in dicluster ([3Fe-4S] + [4Fe-4S]) Fd, -410 ~ -650 mV 
(Armstrong et al., 1989; Iismaa et al., 1991).  
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The reduction potential of Fd is determined by the type of iron-sulfur cluster and 
the protein environment of the cluster (Perrin et al., 2014). The latter could be further 
attributed to electrostatic potential, hydrogen bonding and solvent accessibility (Stephens 
et al., 1996). How the protein environment modulates Fd potential and how the potential 
difference impacts its biological function will be key questions of this study. 
 
1.3 SCOPE OF THIS STUDY 
 
OFORs are conserved in archaea, anaerobic bacteria and amitochondriate 
eukaryotes and they are responsible for the anaerobic metabolism of 2-oxoacid/CO2 
(Horner et al., 1999; Gibson et al., 2016a). OFOR-catalyzed reactions are fully reversible 
and therefore the biological functions of OFORs are directly related to the direction of the 
reaction. When running in the 2-oxoacid oxidation direction, they play a key role in 
central metabolism (PFOR, OGOR) and amino-acid degradation (IOR and VOR) and 
allow the microorganism to grow in challenging environments (OOR) (Baughn et al., 
2009; Heider et al., 1996; Mai and Adams, 1994; Pierce et al., 2010; Raeburn and 
Rabinowitz, 1971a). The low-potential electrons generated from the reactions could be 
used in downstream reactions such as nitrogen fixation, sulfate reduction and aromatic 
compound reduction (Akaji, 1967; Dorner and Boll, 2002; Wahl and Orme-Johnson, 
1987). 
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Figure 1.8 The reductive tricarboxylic acid (rTCA) cycle and the participation of 
OFORs. This figure was adapted based on a review article (Fuchs, 2011). The 
involvement of protons is omitted. [H], unknown reducing equivalent, 1 H+ and 1 e-.  
 
In the CO2 reduction direction, OFOR is the central enzyme in key pathways that 
afford the autotrophic growth of organisms using CO2 as the carbon source. Although all 
OFOR catalyzed reactions are considered reversible, only PFOR and OGOR have been 
reported to engage in the CO2 reduction direction in vivo. Both PFOR and OGOR are key 
enzymes of the reductive tricarboxylic acid cycle (the rTCA cycle, Figure 1.8), catalyzing 
the reductive carboxylation of acetyl-CoA and succinyl-CoA to pyruvate and 2-
oxoglutarate (Bachofen et al., 1964; Buchanan and Evans, 1965; Evans et al., 1966). 
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PFOR is also responsible for the pyruvate synthesis step in the dicarboxylate-4-
hydroxybutyrate cycle and links the Wood-Ljundahl pathway (or reductive acetyl-
coenzyme A pathway) to the incomplete rTCA cycle in methanogens and acetogens 
(Fuchs, 2011; Furdui and Ragsdale, 2000; Huber et al., 2008).   
While OFOR enzymes usually only engage in one direction of the reaction, in 
some cases, the same enzyme could operate in either the oxidation or the reduction 
direction, depending on the growth condition of the organism (Furdui and Ragsdale, 
2000; Raeburn and Rabinowitz, 1971a, 1971b). This suggests OFOR enzymes are in 
principle fully reversible and they could catalyze both reactions, but what controls the 
catalytic basis of CO2 evolution versus fixation? Is it simply the cascade of enzymatic 
reaction and substrate flux in the pathway that dictate the direction (Bar-Even et al., 
2012b; Yamamoto et al., 2010)? Has the enzyme itself acquired an intrinsic bias towards 
one direction over the other through evolution (Abou Hamdan et al., 2012; Paquete et al., 
2014)? Or do protein-protein interaction and intermolecular electron-transfer between 
Fd and OFOR also have a strong impact on the direction and rate of the reaction? The 
last question, the interplay of OFOR and Fd in CO2 evolution and fixation, will be the 
focus of this dissertation.  
Chapter 2 will investigate the catalytic bias of OFOR in CO2 evolution and 
fixation through an electrocatalytic assay. A PFOR from Desulfovibrio africanus 
(DaPFOR) is known to catalyze the oxidation of pyruvate with DaFdI as the electron 
acceptor (Pieulle et al., 1995). In contrast, an OGOR from Hydrogenobacter 
thermophilus (HtOGOR), an organism that utilizes the rTCA cycle, catalyzes the 
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reduction of CO2 to produce 2-oxoglutarate, with HtFd1 as the donor (Yamamoto et al., 
2010). The two enzymes and their respective Fd redox partners provide an ideal model to 
dissect the catalytic bias of CO2 evolution versus fixation. In the electrocatalytic assay, 
the electrode serves as the ultimate electron donor or acceptor and Fds act as the electron 
mediators between OFORs and the electrode; the catalytic current generated from 
substrate turnover is a measure of enzyme directionality and activity. With this assay, the 
reversibility of DaPFOR and HtOGOR and the ability of DaFdI and HtFd1 in supporting 
CO2 evolution and fixation will be characterized. Specifically, it seeks to answer one key 
question, how does the reduction potential of Fd dictate OFOR activity.   
Chapter 3 builds upon the findings of Chapter 2. It sets out to systematically 
analyze how the reduction potential difference in Fds could impact the activity of 
OFORs. The reduction potentials of DaFdI and HtFd1 will be modulated through 
perturbations of the iron-sulfur cluster environment in terms of hydrogen bonding and 
solvent accessibility. With a series of Fd molecular variants that span a potential range 
over ~200 mV, the activity of DaPFOR in CO2 evolution and fixation will be studied by 
both the electrocatalytic assay and a coupled enzymatic assay. The work in Chapter 3 will 
help to further elucidate the impact of Fd potential on OFOR activity in more detail.  
Chapter 4 and Chapter 5 introduce a new OFOR-Fd system for the study of 
OFOR-catalyzed CO2 fixation, an OGOR and its putative redox partner Fds, from 
Magnetococcus marinus MC-1 strain (MmOGOR and MmFds; Bazylinski et al., 2013; 
Williams et al., 2006). MmOGOR is a better model for the kinetic study of CO2 fixation 
as it originates from a mesophilic organism (better kinetic properties under our 
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experimental conditions, compared to HtOGOR); and there is strong evidence that it is 
involved in the rTCA cycle (its physiological role is to reduce CO2, compared to 
DaPFOR; Williams et al., 2006). Chapter 4 will focus on the kinetic, spectroscopic and 
structural characterization of MmOGOR. Specifically, MmOGOR, as a one-cluster type 
OFOR, will be characterized for its spectroscopic features at key steps of the catalytic 
cycle by UV-vis and EPR spectroscopy. Together with collaborators, MmOGOR at its 
resting state and substrate-bound state will be studied by X-ray crystallography. The 
work in Chapter 4 will provide spectroscopic and structural information that is currently 
lacking for the one-cluster type OFORs.  
Chapter 5 aims to study the kinetic properties of MmOGOR in CO2 fixation. To 
achieve this, it is important to identify the cognate redox partner for MmOGOR. Three 
bacterial type Fds are identified from the genome but the genomic neighborhood 
information alone does not provide sufficient information on biological function. The 
three Fds will be purified and characterized for their redox and spectroscopic properties, 
and importantly, their ability to serve as the redox partners for MmOGOR during 
catalysis. The Fd with the best kinetic properties will be used as the electron mediator for 
MmOGOR in CO2 evolution and fixation assays. Further analysis of the different 
molecular recognition mechanisms between MmOGOR and the three Fds will reveal 
other factors that go beyond the realm of their reduction potentials.  
Overall, this dissertation aims to investigate the role of protein-protein interaction 
in regulating enzyme catalysis, specifically, how the intermolecular electron-transfer 
between OFORs and Fds could dictate enzyme activity in CO2 evolution and fixation. The 
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comparative study of OFORs and Fds from Desulfovibrio africanus and 
Hydrogenobacter thermophilus will provide a critical example of how the reduction 
potential of Fd could dictate OFOR directionality and activity. The subsequent systematic 
analysis on the relationship of Fd potential and OFOR activity will further elucidate the 
role of intermolecular electron-transfer in catalysis. Additionally, the study of the OFOR-
Fd system from Magnetococcus marinus MC-1 will not only recapitulate the importance 
of Fd potential but also highlight other factors that may play a role in the intermolecular 
electron-transfer process. Finally, the characterization of MmOGOR will provide kinetic, 
spectroscopic and structural details for one-cluster type OFORs and also facilitate future 
studies of OFOR-Fd interactions.  
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CHAPTER 2 
 
MEASURING THE CATALYTIC BIAS OF 2-OXOACID:FERREDOXIN 
OXIDOREDUCTASE THROUGH AN FERREDOXIN-MEDIATED 
ELECTROCATALYTIC ASSAY‡ 		
‡This work was adapted with permission from: 
Li, B.; Elliott, S. J., The Catalytic Bias of 2-Oxoacid: ferredoxin Oxidoreductase in CO2: 
evolution and reduction through a ferredoxin-mediated electrocatalytic assay. 
Electrochim Acta 2016, 199, 349-356.  
© 2016 Elsevier 
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 2.1 INTRODUCTION 
 
Fixation of CO2 is one of the most important biological processes on earth, 
providing the building blocks for all life forms. The most prominent example is the “dark” 
reaction of photosynthesis where the enzyme ribulose-1,5-bisphosphate 
carboxylase/oxygenase (RuBisCo) converts CO2 and ribulose 1,5-bisphosphate to 
glycerate 3-phosphate. ATP and NADPH provide the driving force required for the 
endergonic process (Spreitzer and Salvucci, 2002). Alternatively, distinct CO2 fixation 
pathways exist in the prokaryotes world (Berg et al., 2010; Fuchs, 2011; Hugler and 
Sievert, 2011). These pathways offer a fascinating insight into the early evolution of 
autotrophy and provide many intriguing examples of how CO2 is transformed to different 
organic molecules. Of our particular interest is the reductive tricarboxylic acid (rTCA) 
cycle in which two members of the 2-oxoacid:ferredoxin oxidoreductase (OFOR) enzyme 
family, pyruvate:ferredoxin oxidoreductase (PFOR) and 2-oxoglutarate:ferredoxin 
oxidoreductase (OGOR) catalyze the reductive carboxylation of acetyl-CoA and 
succinyl-CoA to pyruvate and 2-oxoglutarate, essentially serving as pyruvate and 2-
oxoglutarate synthases (Evans et al., 1966; Buchanan and Arnon, 1990). 
 
Scheme 2.1 The chemical reactions catalyzed by PFOR and OGOR 
CO2 + R
O
SCoA
+ 2Fdred
PFOR: R= -CH3                OGOR: R= -CH2CH2COOH
R
O
OH
O
+ CoASH 2Fdox+
OFOR
2 H++
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The chemistry shown in Scheme 2.1 is an endergonic process, with an Eo’ on the 
order of -500 mV (Bar-Even, 2013; Fuchs, 2011; Ragsdale, 2003). Reduced ferredoxins 
(Fds) fulfill the energetic requirement of the reaction, serving as the electron donor. 
However, calculations of the energetic requirements for various biological pathways 
usually use a generalized value, -400 mV (vs SHE), for Fd reduction potential (Bar-Even, 
2013; Buckel and Thauer, 2013; Fuchs, 2011). Given that discrepancy, How could Fds 
with a reduction potential at -400 mV compensate the -500 mV thermodynamic gap of 
OFOR reactions? Through the Nernst equation, one could propose that Fd must be kept 
almost entirely in its reduced form in vivo so that the actual potential could reach -500 
mV. For example, in order to make the pyruvate synthesis reaction at equilibrium in vivo, 
the ratio of Fdred/Fdox will need to be kept at 2000/1 (Figure 2.1) (Fuchs, 2011).  
 
Figure 2.1 The energetics of CO2 reduction catalyzed by OFOR (A). The scenario 
where the thermodynamic barrier is overcome by keeping Fd in its fully reduced form. 
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ΔGo’ = +96.5 kJ/mol
ΔEo’ = -100 mV,
ΔGo’ = +19.3 kJ/mol
[Fdred]/[Fdox]=1:1 (-400mV)
[Fdred]/[Fdox] = 2000:1 ( ~ -500mV)
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2-oxoacid
CO2 + Fd (-400mV) ΔEo’ = -500 mV,
ΔGo’ = +96.5 kJ/mol
ΔEo’ = -100 mV,
ΔGo’ = +19.3 kJ/mol
A
B
ΔG’ m= +7.5 kJ/mol
[CO2]aq=[acetyl-CoA]=1mM, 
[CO2]aq /[2-oxoacid] >10,
[Acyl-CoA]/[CoA]>10
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Another view suggests the flux of substrates alone could drive the reaction 
towards pyruvate synthesis, with Fds at a reduction potential of -400 mV. For example, if 
the ratio of acetyl-CoA/CoA and CO2/pyruvate are kept >10 (calculated by eQuilibrator 
(Bar-Even, 2013; Flamholz et al., 2011), and the concentration of acetyl-CoA and 
aqueous CO2 was set at 1 mM), the reaction could proceed to the pyruvate synthesis 
direction (Figure 2.2). While the two hypotheses are not mutually exclusive and they 
could account for the strong driving force required by CO2 reduction, the impact of Fd 
reduction potential has usually not been considered a variable. 
 
 
Figure 2.2 The energetics of CO2 reduction catalyzed by OFOR (B). The scenario 
where [substrate]/[product] is kept above 10, at physiological concentrations. Specifically, 
∆G’m denotes calculation at nonstandard conditions with all reactants at 1 mM. The 
example in the text considers pyruvate synthesis by PFOR and is generalized in the figure 
for all OFOR enzymes.   
 
As discussed in Chapter 1, Fds comprise a group of iron-sulfur, electron-transfer 
proteins, exhibit diversity and complexity in terms of their iron-sulfur cluster type, 
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number and reduction potential. It is necessary to take their structural and redox 
variations into account when considering the energetics of reactions with Fd as the redox 
partner. The interplay of OFOR and Fd could be a great model to probe the effect of Fd 
in biological redox reactions.   
All OFOR enzymes are believed to have evolved from a common ancestor and 
are structurally related (Gibson et al, 2016a; Horner et al., 1999). They contain the same 
cofactors: a thiamine pyrophosphate (TPP) as the essential cofactor of the active site and 
one or three [4Fe-4S] clusters that engage in electron-transfer (Gibson et al, 2016; 
Ragsdale, 2003). While PFOR and OGOR identified from organisms that operate the 
rTCA cycle catalyze CO2 reduction with Fds as the electron donor, there are a large 
number of OFOR enzymes that do the reverse, catalyzing the oxidative decarboxylation 
of 2-oxoacid to CO2 with Fds as the electron acceptor. Through these reactions, OFORs 
can provide low-potential electrons to many downstream reactions such as sulfate 
reduction, nitrogen fixation and aromatic compound reduction (Dorner and Boll, 2002; 
Hatchikian and Le Gall, 1970; Wahl and Orme-Johnson, 1987). Most interesting of all, a 
single PFOR could be responsible for both CO2 evolution (pyruvate oxidation) and CO2 
reduction (pyruvate synthesis) in certain microorganisms, depending on the growth 
conditions (Furdui and Ragsdale, 2000). Given these possibilities we ask, What dictates 
the direction of an OFOR enzymes in vivo?  We hypothesize the redox relay mediated by 
Fd plays an essential role. Here, we compared two OFORs with their cognate redox 
partner Fds from Desulfovibrio africanus and Hydrogenobacter thermophilus, two 
microorganisms that differ significantly in their CO2 metabolism.   
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D. africanus belongs to a type of sulfate-reducing bacteria (Desulfovibrio) that 
exhibits a strict anaerobic growth mode with sulfate as the terminal electron acceptor 
(Postgate and Campbell, 1966). A PFOR was identified in the cytoplasm when the 
organism was grown in the presence of sulfate and lactate, and is responsible for the 
oxidation of pyruvate and the delivery of electrons needed for sulfate reduction (Pieulle 
et al., 1995). It was also the first member of the OFOR family to be structurally 
characterized, and has been extensively studied in terms of its spectroscopic properties 
and its reaction kinetics in pyruvate oxidation (Cavazza et al., 2006; Chabriere et al., 
1999, 2001; Pieulle et al., 1995). In contrast, H. thermophilus belongs to the Aquificaceae 
family found in harsh environments such as hot springs, sulfur pools and hydrothermal 
vents where they operate the rTCA cycle to fix CO2 (Burggraf et al., 1992; Kawasumi et 
al., 1984). An OGOR from H. thermophilus (HtOGOR) has been identified and its 
reductive carboxylation reaction was studied (Yoon et al., 1996; Yamamoto et al., 2010). 
For these two OFORs the physiological Fd redox partner for each of the enzyme has been 
identified and characterized (Hatchikian et al., 1979; Ikeda et al., 2005). Specifically, 
DaFdI and HtFd1 demonstrate high sequence similarity (38% sequence identity, 53% 
sequence similarity) and belong to monocluster [4Fe-4S] Fds that have a conserved 
structural architecture (Fukuyama, 2001). Therefore, DaPFOR, HtOGOR and their 
respective redox partner serve as an ideal model to dissect the catalytic bias of CO2 
evolution versus reduction.  
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To facilitate the comparison, an Fd-mediated electrocatalytic assay was developed, 
allowing the rapid assessment of OFOR enzyme directionality and reactivity (Figure 
2.3A).  
 
Figure 2.3 The schematic presentation of the electrocatlytic assay and coupled 
enzyme assay. (A) The electrocatalytic assay, where OFOR enzymes, Fds and substrates 
are present in the electrochemical cell. CoA and acyl-CoA are omitted for simplicity. 
Both 2-oxoacid oxidation (red arrow) and CO2 reduction (blue arrow) are depicted. (B) 
Commonly used coupled enzymatic assay to study OFOR in CO2 reduction. OFOR1 and 
OFOR2 are orthogonal OFOR enzymes that use different substrates. OFOR is either 
PFOR or OGOR, and acyl-CoA is either acetyl-CoA or succinyl-CoA respectively. 
CODH: carbon monoxide dehydrogenase. LDH: lactate dehydrogenase. GDH: glutamate 
dehydrogenase.  
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Traditionally, a CO2 reduction assay by an OFOR enzyme would consist of three 
key components: the reduction of CO2 using reduced Fds as the electron donor, an 
upstream reaction to keep Fds reduced and a downstream reaction to measure product 
formation (Fig. 2.3B). In the Fd-mediated electrochemical assay, the electrode replaces 
both the upstream (electron donor) and downstream reactions (product detection), 
simplifying the study of OFOR enzyme directionality. In the electrocatalytic assay, we 
find that both DaPFOR and HtOGOR are capable of catalyzing both CO2 evolution and 
reduction and the differences (in terms of total current, representative of activity) lies in 
the reduction potential of the electron mediator, Fd. This observation underlines the 
importance of Fd in mediating biological redox reactions. 
 
2.2 MATERIALS AND METHODS 
 
2.2.1 Protein expression and purification   
The plasmid encoding DaPFOR was a gift from Professor Patrik Jones (Imperial 
College London). This construct is based on a modified version of pCDFDuet-1 
(Novagen/EMD Millipore), containing an N-terminal His8-tag followed by a small linker 
(MGHHHHHHHHGTKL-). The sequences of the genes for HtOGOR (korA and korB) 
were codon-optimized for E. coli and the corresponding oligonucleotides were 
synthesized as a single oligonucleotide (GenScript) with a ribosomal binding site 
sequence (AAGGAGA) in between. This oligonucleotide was inserted into pET52b(+) 
(Novagen/EMD Millipore) linearized with KpnI and SacI. The pET52b(+) plasmid 
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contains an N-terminal Strep-tag followed by an HRV 3C cleavage site 
(MASWSHPQFEKGALEVLFQGP-). Oligonucleotides coding for the genes for Fds 
from D. africanus (DaFdI) and H. thermophilus (HtFd1) were synthesized by GenScript 
and inserted into pCDFDuet-1 (Novagen/EMD Millipore) linearized with NcoI and XhoI. 
The plasmid constructs for the two Fds result in expression of tag-free proteins. All 
plasmid constructs were confirmed by DNA sequencing by Genewiz.  
The plasmids were separately transformed into E. coli BL21(DE3) ΔiscR cells 
(Akhtar and Jones, 2008) on LB-agar plates with 50 μg/mL streptomycin (DaPFOR and 
Fds) or 50 μg/mL ampicillin (HtOGOR). A single colony was inoculated into a 10 mL of 
LB starter culture and grown at 37 °C overnight until saturated. The 10 mL starter culture 
was then diluted into 1 L 2×YT media and grown at 37 °C with shaking at 200 rpm until 
OD600 reaches 0.6. To induce the expression of proteins, IPTG (GoldBio) was added to a 
final concentration of 100 μM and the growth temperature was decreased to 23 °C and 
the shaking rate reduced to 100 rpm. To ensure cofactor loading, all cultures were 
supplemented with ammonium ferrous sulfate at a final concentration of 1 mM. Cultures 
for DaPFOR and HtOGOR were additionally supplemented with thiamine pyrophosphate 
at a final concentration of 1 mM. Cells were harvested by centrifugation (6000 g, 10 min, 
4 °C) after 12 hr of IPTG induction. Cell pellets were stored at -20 °C until use.  
DaPFOR was purified with affinity columns packed with Ni-Sepharose resin (GE 
healthcare). The cell pellets were suspended in 30 mL Buffer A (50 mM HEPES, 100 
mM NaCl, 20 mM imidazole, 1 mM MgCl2, 1 mM thiamine pyrophosphate, 10% 
glycerol (v/v) pH 8.0) supplemented with 1 mM phenylmethylsulfonyl fluoride, 1 mg/mL 
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lysozyme and 1 μg/mL DNase. The suspension was incubated on ice for 30 min before 
sonication. Cell lysate was clarified by centrifugation (15000g, 30 min, 4 °C) and the 
clarified fraction was loaded on Ni column. After the column was washed with 5 column 
volumes of Buffer A, the protein was eluted with 3 column volumes of Buffer A1 (same 
as Buffer A, plus 200 mM imidazole). The eluant was concentrated and buffer-exchanged 
to Buffer B (20 mM HEPES, 1 mM MgCl2, 1 mM thiamine pyrophosphate, 10% 
glycerol, pH 8.0) by PD-10 column (GE Healthcare). Protein purity was verified by SDS-
PAGE with 10% acrylamide Tris-HCl gels to be > 95%.  
The purification procedure of HtOGOR was similar to that of DaPFOR, but 
carried out anaerobically in the Coy chamber (Coy Laboratory) with Strep-Tactin resin 
(IBA). All buffers were made anaerobic based on the reported procedure (Lanz et al., 
2012). The protein was eluted with Buffer A2 (same as Buffer A, imidazole is replaced 
with 2.5 mM desthiobiotin), concentrated and buffer-exchanged to Buffer B. Protein 
purity was verified by SDS-PAGE with 12.5% acrylamide Tris-HCl gels to be > 95%.  
Fds were purified in two steps, similar to previously reported procedure (Ikeda et 
al., 2005). Specifically, cell pellets were suspended in Buffer C (10 mM Tris-HCl, 1 mM 
MgCl2, pH 8.0) supplemented with 1 mM phenylmethylsulfonyl fluoride, 1 mg/mL 
lysozyme and 1 μg/mL DNase. After sonication and centrifugation, the clear lysate was 
loaded on a DEAE column, washed with low salt buffer and subsequently eluted by 
Buffer C with a step gradient of NaCl (0-500 mM, 50 mM increase per step). The elution 
was concentrated and loaded on a gel filtration column (HiPrep 26/60 Sephacryl S100 or 
S200 HR, GE Healthcare) pre-equilibrated with Buffer D (50 mM Tris-HCl, 100 mM 
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NaCl, 1 mM MgCl2, pH 8.0) on the ÄKTApurifier system (GE healthcare). Proteins were 
eluted with Buffer D at a flow rate of 0.7 ml/min. Protein purity was verified by SDS-
PAGE with 16% acrylamide Tris-Tricine gels to be > 95%.  
 
2.2.2 Protein characterization and enzyme activity  
The concentration of DaPFOR and HtOGOR was determined using a Quick 
Start™Bradford protein assay kit (Bio-Rad) and the concentration of DaFdI and HtFd1 
was determined with a RC DC™ protein assay (Bio-Rad), both with bovine serum 
albumin (BSA) as the standard. The iron content of the proteins was determined by a 
ferrozine colorimetric assay (Carter 1971).  
The activity of the enzymes was routinely determined based on procedures 
reported previously (Pieulle et al, 1995). Optically-coupled assays were performed on a 
Cary 50 or 100 Bio UV-vis spectrophotometer by monitoring the reduction of methyl 
viologen at 604 nm (ε604 = 13.6 mM-1 cm-1). The reaction was carried out in a 3 mL 
serum-stopper cuvette containing 10 mM pyruvate or 2-oxoglutarate, 2 mM methyl 
viologen, 5 mM DTT, 0.2 mM CoA and 100 nM enzyme. Multicomponent Buffer A (10 
mM MES, MOPS, TAPS, CHES and CAPS, pH 7.0) was used. Reaction mixture was 
made anaerobic by purging with argon for 5 min. Concentrations of pyruvate or 2-
oxoglutarate were varied to determine the KM for the substrate. The assay temperature 
was maintained at 30 °C for DaPFOR and 60 °C for HtOGOR. 
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2.2.3 Electrochemistry setup and measurement of Fd reduction potential  
All electrochemistry experiments were performed under anaerobic conditions in 
an MBraun LABmaster glovebox with a constant positive pressure at > 5 mbar and O2 
level <1 ppm. The electrochemical analyses were conducted with a Metrohm/Eco Chemie 
Autolab PGSTAT 12 potentiostat and operated by the GPES software. Electrochemical 
cells were water jacketed and connected to a circulator for temperature control. The 
electrode configuration includes a standard calomel reference electrode (Fisher 
Scientific), a platinum counter electrode (Fisher Scientific) and a pyrolytic graphite edge 
(PGE, Minerals Technologies) working electrode. The working electrode was sanded on 
1500 grit waterproof silicon carbide sandpaper, polished with 1 μm alumina slurry 
(Beuhler) and sonicated for >10 min prior to experiments. The voltammograms were 
analyzed by SOAS (Fourmond et al., 2009) and plotted with ProFit (QuantumSoft). 
Cyclic voltammetry was carried out to measure the reduction potential of Fds. 
Typically, Fds were diluted to a final concentration of 10~20 µM in the electrochemical 
cell by Multicomponent Buffer B (5 mM MES, MOPS, TAPS, CHES and CAPS, pH 7.0). 
Neomycin sulfate was added in the solution at a final concentration of 1 mM to promote 
interaction between Fds and electrode surface. Cyclic voltammetry is typically set at a 
scan rate of 50 mV/s with a step potential of 0.45 mV/s. The experiments were conducted 
at 4, 23, 30, 40 and 60 °C to test the dependence of Fd potential on temperature.  
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2.2.4 Fd-mediated electrocatalytic assay  
In the electrocatalytic assay, DaPFOR and HtOGOR interact with their native or 
non-native redox partner Fds in the presence of substrates for both 2-oxoacid oxidation 
and CO2 reduction. These experiments were carried out over different ranges between -
0.30 and -1.05 V (vs SCE), depending on which Fd was used and the direction of OFOR 
reaction. Cyclic voltammetry is set at a scan rate of 1 mV/s with a 0.15 mV step potential. 
Typically, OFOR enzymes were added to a final concentration of 2-4 µM, with a 1:5 
ratio to Fds. In 2-oxoacid oxidation experiments, 10 mM pyruvate or 2-oxoglutarate and 
0.2 mM CoA were added, similar to that of the activity assay. In the CO2 reduction 
experiments, 10 mM bicarbonate and 1 mM acetyl or succinyl coenzyme A were added. 
Each set of turnover experiment is done with a control experiment where the enzyme is 
omitted from the assay. In all experiments, neomycin was added to a final concentration 
of 1 mM. The voltammograms of the control experiment and its corresponding turnover 
experiment were overlayed after normalizing the current of the background capacitance.  
 
2.3 RESULTS 
 
2.3.1 Protein characterization and enzyme activity 
The purities of all proteins were verified to be > 95% by SDS-PAGE (Figure 2.4). 
Typically,  ~3 g cell pellets (wet weight) from 1 L growth yielded ~10 mg DaPFOR, ~2 
mg HtOGOR, ~6 mg DaFdI and ~6 mg HtFd1. Iron assays typically gave an approximate 
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iron loading of > 10 for DaPFOR (theoretically 12 for three [4Fe-4S] clusters) and > 3 for 
HtOGOR, DaFdI and HtFd1 (theoretically 4 for one [4Fe-4S] cluster).  
 
Figure 2.4 Purified enzymes and Fds visualized by SDS-PAGE. (A) Purified enzymes 
visualized by SDS-PAGE, 12.5% acrylamide Tris-HCl gel. Lane 1, protein standard, All-
Blue (Bio-Rad), Lane 2, HtOGOR, which is a heterodimer with an α subunit at 70 kD 
and β subunit at 33 kD (theoretical molecular weight based on protein sequence), Lane 3, 
DaPFOR, which is homodimer with a 135 kD molecular weight per protomer. (B) 
Purified Fds visualized by SDS-PAGE, 16% acrylamide Tris-Tricine gel. Lane 1, protein 
standard, Lane 2, HtFd1, with a theoretical molecular weight at 7.9 kD, Lane 3, DaFdI, 
with a theoretical molecular weight at 7.3 kD. The size discrepancy in SDS-PAGE is 
probably due to the acidic surface and low molecular weight of Fds (Ikeda et al., 2005). 
 
The oxidative decarboxylation activity of OFOR enzymes was found to be pH-
dependent, as reported previously, with an optimum at 9.0 for DaPFOR and 7.5~7.8 for 
HtOGOR (Pieulle et al., 1995; Yoon et al., 1996). Here, the solution-based activity assay 
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was carried out at pH 7.0 to be consistent with subsequent electrocatalytic assays. At this 
condition, DaPFOR exhibited a kcat of ~360 min-1 (Figure 2.5A). Additionally, HtOGOR 
is reported to have a temperature-optimum at 80 °C (Yoon et al., 1996). In this study, the 
temperature dependence of HtOGOR was tested at from 30 - 90 °C (in 10 °C intervals); 
the activity started to increase drastically above 60 °C (data not shown). At 60 °C, 
HtOGOR exhibited a kcat of ~330 min-1 (Figure 2.5B), similar to the activity of DaPFOR 
at 30 °C. Overall, the activity assays here suggest HtOGOR at 60 °C is as active as 
DaPFOR at 30 °C, when both were assayed at pH 7.0. This laid the groundwork for the 
design of the electrocatalytic assay.   
 
Figure 2.5 Enzyme activity at pH 7.0. (A) DaPFOR, at 30 °C; (B) HtOGOR, at 60 °C. 
 
2.3.2 The reduction potentials of DaFdI and HtFd1  
Both DaFdI and HtFd1 belong to a type of monocluster [4Fe-4S] Fds that are 
presumed to be structurally similar, based upon overall sequence identity. Despite the net 
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negative charge on the protein surface of either Fd, they generate robust electrochemical 
responses on the PGE electrode in the presence of the positively charged aminoglycoside 
co-adsorbant, neomycin. 
 
Figure 2.6 The reduction potential of DaFdI and HtFd1. (A) Cyclic voltammograms 
of DaFdI and HtFd1 at pH 7.0, room temperature (23°C). Scan rate: 50 mV/s. (B) The 
dependence of Fd potential on temperature.  
 
The reduction potentials of HtFd1 and DaFdI were determined to be -485 mV and 
-385 mV at pH 7.0 at room temperature (23 °C). There is very little variation (< 5mV) for 
potential values measured at different scan rates and between different purification 
batches so the values are reported here without standard error. The reduction potential 
value for DaFdI determined by electrochemistry is in agreement with the previous 
reported value of -385 ± 15 mV, determined by redox titration monitored by EPR 
spectroscopy (Hatchikian et al., 1984). The reduction potential value of -485 mV for 
HtFd1 reported here is the lowest for Fds with a single [4Fe-4S] cluster in the literature 
(see more discussion in Chapter 3). 
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The potential values are, however, dependent on temperature (Figure 2.6B). The 
reduction potential values for both DaFdI and HtFd1 decrease with the increase of 
temperature, with nearly identical slopes: 0.88 mV/° for DaFdI and 0.87 mV/° for HtFd1. 
The very similar slopes of temperature dependence indicate the similarity of protein fold 
of the two Fds, and the relative contribution of entropy to the thermodynamics associated 
with the redox reaction. Since H. thermophilus is a thermophilic organism with an 
optimal growth temperature between 70 and 75 °C, the reduction potential of HtFd1 
could reach lower than -530 mV at its physiological condition. The large difference in 
DaFdI and HtFd1 reduction potential provides initial evidence that Fds involved in CO2 
reduction are likely to exhibit a lower potential, and hence serve as better electron donors. 
How the difference in reduction potentials of Fds may impact OFOR activity reactions is 
further addressed in the electrocatalytic assay.  
  
2.3.3 Both DaFdI and HtFd1 could serve as electron acceptors in 2-oxoacid oxidation 
The cyclic voltammetry experiments have demonstrated DaFdI and HtFd1 could 
freely diffuse in solution and generate an electrochemical response at the electrode. In the 
electrocatalytic experiments, the two Fds are further coupled to an enzymatic reaction 
catalyzed by an OFOR present in solution. In this fashion both Fds serve as robust 
electron mediators, shuttling electrons between the enzymes and the electrode during 
catalysis (Figure 2.3A). Under the experimental conditions, the direct interaction between 
OFOR enzymes and the electrode does not generate observable currents discernible from 
the charging capacitance of the electrode, largely due to the bulky nature of these 
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enzymes (data not shown). Pieulle and coworkers have used a similar method to 
investigate the kinetics of intermolecular electron-transfer between DaPFOR and three 
Fds from the same organism (Pieulle et al., 1999). In a general formulation of this 
experiment, electrocatalytic responses are anticipated if the following scheme is followed 
where a 2-oxoacid is oxidized, and Fds are cycled through the oxidized and reduced 
states: 
(1) 2-oxoacid + 2Fdox + CoA à CO2 + 2Fdred + acyl-CoA (enzymatic step) 
(2) Fdred à Fdox (electrochemical step) 
In the control experiment, OFORs are omitted and thus only the electrochemical 
(Fd-based) reaction is at work. Fds will be cycled between their oxidized and reduced 
states in the cyclic voltammetry conditions and a voltammogram with reversible “peaks” 
centered at the reduction potential of the Fd will be observed (dashed lines in Figure 2.7 
and 2.8). When OFORs are added, the enzymatic reaction can proceed and reduced Fds 
generated from the enzymatic step will be re-oxidized by the electrode at potential higher 
than the Fd’s reduction potential. The continuous re-oxidation of a constantly reduced 
Fds generates a catalytic anodic current (solid lines in Figure 2.7). Here, DaPFOR and 
HtOGOR were used with DaFdI and HtFd1 in different combinations to evaluate how the 
reduction potential of the Fds could impact the OFOR activity.  
When only DaFdI was present in the assay, a reversible DaFdI voltammogram 
was generated with its center around -390 mV (value based on reduction potential at 
30 °C, Figure 2.7A, dashed line). When DaPFOR was added, the shape of the 
voltammogram changed to a sigmoidal wave and a significant anodic current above the 
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baseline was detected (Figure 2.7A, solid line). This is in agreement with the previous 
reports that DaFdI was able to accept electrons from DaPFOR during the enzymatic step 
(Pieulle et al., 1999). In a similar fashion, when HtOGOR and HtFd1 were examined, in 
the presence of substrates for 2-oxoglutarate oxidation, HtFd1 could act as a redox 
intermediary for HtOGOR, generating a significant anodic current (solid line, Figure 
2.7D). The reduction of HtFd1 by HtOGOR and its substrates has been also observed in 
spectrophotometric measurements (data not shown). How these OFORs would interact 
with a non-native Fd was also examined. Figure 2.7 B and C illustrates that when 
DaPFOR was paired with HtFd1, and when HtOGOR was paired with DaFdI, anodic 
electrocatalytic currents were generated. Thus, both Fds can accept electrons from a non-
native redox partner OFOR. Under the experimental conditions, DaFdI was poised at -
390 and -415 mV and HtFd1 was at -490 and -520 mV (at 30 °C and 60 °C, respectively). 
All of these values are lower than or within the range of the standard potential of 2-
oxoacid oxidation (Eo’ ~ -500 mV). This energetically “downhill” reaction could proceed 
with either Fd as the electron acceptor, whether or not they act as the physiological redox 
partner. Additionally, when compared to the same conditions, the anodic current 
generated for DaFdI was higher than HtFd1 (as in, more reduced Fds were produced in 
the enzymatic reaction, observed by a larger magnitude of current; compare Figure 2.7 A 
and B, Figure 2.7 C and D). Notably, when DaFdI was paired with HtOGOR, it generated 
a greater current than that when HtFd1 was paired with HtOGOR (Figure 2.7 C). This 
observation suggests when electron mediators are structurally similar and thus the 
properties of the interface are not a limiting factor, reduction potential is the dominant 
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force in intermolecular electron-transfer (Gray and Winkler, 1996; Mauk, 1999; Moulis 
and Davasse, 1995; Onda et al., 2000).  
 
 
Figure 2.7 Electrocatlytic assay in the 2-oxoacid oxidation direction. (A)-(B) is 
measured with DaPFOR at 30 °C; (C)-(D) is measured with HtOGOR at 60 °C. 
 
There are two minor considerations for the four sets of experiments described 
above. First, as HtFd1 has a reduction potential about 100 mV lower than that of DaFdI, 
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the potential range of cyclic voltammetry experiments involving HtFd1 is shifted 100 mV 
lower, to allow comparison of voltammograms. At potential lower than -600 mV (vs 
SHE), there is a small reductive feature generated by 2-oxoacid itself. This has been 
observed when only 2-oxoacid is added to the buffer, presumably due to the direct 
reduction of the carboxyl group of 2-oxoacid to carbonyl, but it does not impact the 
results (Bar-Even et al, 2012b). Second, the temperature was set at 60 °C whenever 
HtOGOR was included. At this temperature, the diffusion rates of Fds are faster than that 
at 30 °C making the shapes of non-turnover baselines slightly different (compare Figure 
2.7 A and C, B and D, dashed lines). 
 
2.3.4 Only HtFd1 could serve as an electron donor for the reduction of CO2 
In the 2-oxoacid oxidation experiments, the detection of the anodic turnover 
current is the result of continuous re-oxidation of enzyme-reduced Fds on the electrode, 
presumably due to the coupled enzymatic reaction. In the same manner, when the 
substrates are CO2 (bicarbonate used in the experiment) and acyl-CoA, a cathodic current 
would suggest a continuous re-reduction of enzyme-oxidized Fd on the electrode. 
Similarly, two steps need to proceed in this experiment for detection of a cathodic current: 
(1) Fdoxà Fdred (electrochemical step) 
(2) CO2 + 2Fdred + acyl-CoA à2-oxoacid + 2Fdox + CoA (enzymatic step) 
Similar to the oxidative experiments, DaFdI created a voltammetric response 
centered around -390 mV when DaPFOR was absent (Figure 2.8A, dashed line). No 
change was observed upon addition of bicarbonate (as a CO2 source) and acetyl-CoA. 
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When DaPFOR was present, the voltammogram became distorted, with larger separation 
between the oxidative and reductive “peaks”, yet still centered around -390 mV (Figure 
2.8A, solid line). This distortion was probably due to the “unproductive” intermolecular 
electron-transfer between DaFdI and DaPFOR, which clearly did not generate 
electrocatalysis. In this sense, the enzymatic step could not proceed with Fds at a 
reduction potential of ~ -390 mV, and therefore, once the reduction of Fd in the 
electrochemical step reaches equilibrium, no more electrons can continuously “flow” 
from the Fd to generate a cathodic turnover current. In contrast, electrocatalysis was 
observed in the HtOGOR and HtFd1 pair. At 60 °C, HtFd1 demonstrated a reduction 
potential of ~ -520 mV (Figure 2.8D, dashed line). The formation of cathodic current in 
the presence of HtOGOR suggested that the enzymatic reaction was at work, which 
consumed electrochemically reduced HtFd1 and therefore allowed continuous flow of 
electrons to re-reduce HtFd1 (Figure 2.8D, solid line). 
Similarly, the non-native pairing of enzyme and redox mediator was also 
investigated, and the observations were consistent. When DaFdI was used as an electron 
donor for HtOGOR, at 60 °C, it was unsuccessful in supporting CO2 reduction (-415 mV, 
Figure 2.8C) but when HtFd1 is used as an electron donor for DaPFOR, at 30 °C, a 
cathodic current is generated (-490 mV, Figure 2.8B). From the four sets of experiments, 
it is evident that CO2 reduction catalyzed by OFOR enzymes from rTCA cycle requires 
an electron donor at a low reduction potential. 
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Figure 2.8 Electrocatlytic assay in the CO2 reduction direction. (A)-(B) is measured 
with DaPFOR at 30 °C; (C)-(D) is measured with HtOGOR at 60 °C. Blue dashed lines 
indicate the reduction potential of Fd at the assay condition, which also could be 
interpreted as an “onset” potential where the catalysis starts.  
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2.4 DISCUSSION 
 
Previous studies have established a solid groundwork on the biological functions, 
structural and spectroscopic features, and biochemical properties of OFORs and Fds from 
D. africanus and H. thermophilus. The electrochemical study presented in this chapter 
provides a missing link in the understanding of intermolecular electron-transfer and its 
role in determining enzyme directionality and reactivity. The most striking finding is the 
large reduction potential difference between DaFdI and HtFd1. As a bona fide electron 
donor for CO2 reduction in vivo, HtFd1 exhibited a reduction potential at -485 mV (at pH 
7.0, 23 °C) and could reach < -530 mV under optimal growth conditions. The reduction 
potential of -485 mV is the lowest reduction potential for known monocluster [4Fe-4S] 
Fds (see additional discussion in Chapter 3) and could be a key factor in overcoming the 
large thermodynamic barrier of CO2 reduction.  
Further study in Chapter 3 showed a second Fd from H. thermophilus, and a Fd 
from a closely related species, Aquifex aeolicus, also exhibits a reduction potential 
approaching -500 mV. Another model system for the study of the rTCA cycle, 
Chlorobium tepedium, contains two dicluster [4Fe-4S] Fds that demonstrate potentials at 
-514 and -584 mV (Yoon et al., 2001). Moorella thermoacetica operates the Wood-
Ljungdah pathway to fix CO2 and the Fd involved in the pyruvate synthesis step 
displayed potential at -454 and -487 mV (Bender and Ragsdale, 2011). These 
observations indicate the occurrence of low-potential Fds might be a common feature for 
organisms that operate the rTCA cycle and other alternative CO2 fixation pathways. 
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However, there are only a very small number of CO2-fixing organisms from which the 
reduction potentials of Fds have been characterized to date.  It will be difficult to verify 
this hypothesis and generalize how much this “low-potential” value would be without a 
more systematic survey of Fds from CO2-fixing organisms. Future efforts in the 
identification and characterization of Fds from native CO2-fixing organisms, especially 
those that operate the rTCA cycle, the Wood-Ljungdal pathway and the dicarboxylate-4-
hydroxybutyrate cycle (where OFOR is the key enzyme of CO2 fixation), will help to 
provide more evidence to this hypothesis (Fuchs, 2011).  
The electrocatalytic assay successfully demonstrates the reversibility of OFOR 
enzymes. The fact that DaPFOR, an enzyme that, at physiological conditions, engages in 
2-oxoacid oxidation, could be “driven” in the opposite direction, suggested that the 
reduction potential of Fd dictates the direction and reactivity of OFOR. Previous studies 
on OFOR enzymes and Fds from hetereologous organisms support this observation. For 
example, OGOR from Chlorobium limicola demonstrated full activity in 2-oxoglutarate 
synthesis when supplied with Fds from Chromatium or Rhodospirillum rubrum, both are 
organisms that engage in nitrogen fixation and contain Fds that exhibit potential < 500 
mV (Gehring and Arnon, 1972; Giastas et al., 2006; Saridakis et al., 2009; Shanmugam et 
al., 1972). Fds from Clostridium pasteurianum (~ -420 mV) resulted in only ~5% activity 
and Fds from spinach (~-420 mV) or blue-green algae (-390 - -425 mV) resulted in no 
activity (Cammack et al., 1977; Prince and Adams, 1987; Tagawa and Arnon, 1968). The 
dependence on Fd potentials, regardless of their origin, could provide inspiration for 
bioengineering of CO2 fixation pathways. Fds and OFORs from heterologous organisms 
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could be used to build chimeric pathways to achieve maximum efficiency. Alternatively, 
as the reduction potential of Fds is largely modulated by the proteinaceous environment 
of the iron-sulfur cluster, engineering efforts could be focused on modulating the 
potential of Fds by creating different molecular variants. 
In the electrochemical experiment, Fds play a key role as the electron carrier, 
shuttling electrons between the electrode and the enzymatic reaction. Essentially, the 
electron flow is “wired” from substrates, enzyme, Fd to the electrode (Figure 2.3A). 
Especially in CO2 reduction, the electrode serves as the ultimate electron donor and at the 
same time, provides the readout for CO2 reduction. Its function is analogous to the 
upstream and downstream reactions of the coupled assays designed for CO2 reduction by 
OFOR enzymes (Figure 2.3B). Using the electrode as the ultimate electron donor allows 
precise, flexible control of the electron flow in the redox process. This could enable us to 
design further electrochemical experiments to address the dependence of OFOR 
reactivity on Fd reduction potential in a more quantitative manner. On the other hand, it 
is worth noting that the electrocatalytic assay does not represent a single in vivo condition, 
where Fdred/Fdox is usually kept at a ratio defined by the redox state of the cellular 
environment (Buckel and Thauer, 2013; Thauer et al., 1989). Indeed, as we can sweep 
potential, we can generate a large range of applied potentials, and therefore a large range 
of Fdred/Fdox ratios. In the CO2 reduction experiment, the reduced Fds are generated 
electrochemically and at the electrode are cycled between a reduced and oxidized state, 
which is not identical to a cellular model where there is a fixed, equilibrium “Fd pool”. In 
this sense, the observation that HtFd1 but not DaFdI was able to support CO2 reduction 
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catalyzed by either DaPFOR or HtOGOR suggests a difference in reactivity between 
HtFd1 and DaFdI (microscopic), which is related to their reduction potential difference 
(macroscopic).  
 
2.5 CONCLUSIONS 
 
In this study, OFORs and their redox partner Fds from D. africanus and H. 
thermophilus were examined to dissect the difference of OFOR in catalyzing the 
opposing reactions of CO2 evolution and fixation. The large reduction potential 
difference between DaFdI and HtFd1 provided an insight to their opposite biological 
functions in CO2 metabolism. The low reduction potential of HtFd1 (-485 mV at 23 °C, 
pH 7.0, or < -530 mV at the organism’s optimal growth temperature) may be a key factor 
in overcoming the large thermodynamic barrier of CO2 reduction and the occurrence of 
low potential Fds could be a common feature for organisms that operate rTCA cycle or 
other CO2 fixation pathways. The electrocatalytic assay demonstrated the reversibility of 
OFOR and further supported the view that the reduction potential of Fd is the dominating 
factor in biological intermolecular electron-transfer, and specifically, controls the 
catalytic bias of the OFOR reaction.  
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CHAPTER 3 
 
SYSTEMATIC EVALUATION OF THE IMPACT OF FERREDOXIN POTENTIAL 
ON 2-OXOACID:FERREDOXIN OXIDOREDUCTASE ACTIVITY WITH A 
FERREDOXIN “POTENTIAL GRADIENT” 		 	
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3.1 INTRODUCTION 
 
In Chapter 2, the comparative study on OFORs and Fds from D. africanus and H. 
thermophilus showed that the reduction potential of the Fd was a dominant factor in 
determining OFOR directionality and reactivity. One prominent finding through the 
electrocatalytic assay was that an Fd at a potential range of -390 to -415 mV (DaFdI at 30 
and 60 °C) was not able to support CO2 reduction but an Fd at a potential range of -490 to 
-520 mV (HtFd1 at 30 and 60 °C) could. This observation is reasonable given the 
thermodynamic barrier of the OFOR reaction (Eo’ = -500 mV) and the physiological roles 
of these Fds. It provides an alternative view to the common notion that the reduction 
potential of all Fds could be simply assigned at -400 mV when considering their 
contribution to the energetics of biological pathways (Bar-Even, 2013; Buckel and 
Thauer, 2013; Fuchs, 2011). Fds, as a group of electron-transfer proteins, are different 
from small-molecule biological redox mediators with a defined standard reduction 
potential, such as NADH and NADPH (-320 mV) (Krebs et al., 1957). Their reduction 
potential spans a broad range and should be taken into consideration when assessing 
biological redox reactions involving Fds.  
Fd as an essential biological redox mediator has been characterized extensively in 
its interaction with its redox partner, but most studies focus on the effect of the protein-
protein interactions (Pieulle et al., 2004; Rumpel et al., 2015; Kurishu et al., 2017). In a 
few cases the effect of different Fds (and other biological redox mediators like 
rubredoxin) on OFOR activities in 2-oxoacid oxidation and CO2 reduction was tested. 
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However, in these studies, the mediators varied in potential, cofactor type and protein 
structure, which complicates any analysis (Furdui and Ragsdale, 2000; Gehring and 
Arnon, 1972; Yoon et al., 1999).  No systematic evaluation on the impact of Fd potential 
upon an enzymatic activity/reactivity has been reported to date.  
On the other hand, the effect of chemical redox mediators on enzyme activity has 
been examined. For example, the iron-sulfur protein IspG required viologen mediators 
with potentials below -300 mV to support turnover; yet among mediators with potentials 
from -312 to -720 mV, the enzyme activity did not solely depend on thermodynamics. 
The mediator with a potential at -312 mV could support an enzyme activity of 53.0 nmol 
min-1 mg-1. Mediators with potentials at -442 and -446 could support enzyme activities of 
257 and 312 nmol min-1 mg-1. At this potential range (-312 ~ -446 mV), the enzyme 
activity increased with the decrease of the mediator potential, suggesting a 
thermodynamics-driven regime. However, the dependence of enzyme activity on the 
mediator potential was inverted when the assays were carried out with mediators with 
potentials below -446 mV. The enzyme activities were 280, 132, 163, 163 nmol min-1 mg-
1 when mediators of -450, -625, -649 and -720 mV were used (Xiao et al., 2009). This is 
indicative of the “inverted region” of Marcus electron-transfer theory and suggests there 
might be a “potential optimum” for redox enzyme reactions (Marcus, 1964). With respect 
to Fds and the OFOR enzyme superfamily, Chapter 2 presented two opposing conditions 
where Fds with different potentials spanning 100 mV were employed. Does such a 
“potential optimum” exist for the Fd-OFOR system? In this chapter, the potential 
dependence of OFORs will be systematically analyzed, using Fds with a broader range of 
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potentials, installing site-directed mutations to generate a gradient of Fd-based reduction 
potentials.  
How to construct such a list with Fds spanning a large potential range while 
minimizing the impact of other factors? One approach is to look for other monocluster 
[4Fe-4S] Fds with known (or unknown) redox potentials that are closely related to DaFdI 
and HtFd1. Table 3.1 lists all monocluster [4Fe-4S] Fds whose reduction potential have 
been determined.  Although these Fds cover a reduction potential range from -280 to -485 
mV, at a closer look, the data were determined under different conditions and with some 
inconsistancies. For example, it is difficult to rationalize the large difference between 
GsFd and PpFdI (110 mV difference) while the two Fds show 68% sequence identity and 
79% sequence similarity. It was also reported that DgFdI could exchange into a DgFdII 
form through the rotation of a cysteine ligand and therefore switch from a [4Fe-4S] to 
[3Fe-4S] cluster, changing its reduction potential from -455 to -130 mV (Kissinger et al., 
1991; Moura et al., 1982). Indeed, the effort to express and purify this Fd using the same 
strategy as DaFdI led to a much lower yield of proteins (mostly in the insoluble fraction) 
and electrochemical experiments showed it exhibited a potential of -405 mV at pH 7.0 
(this work, see Appendix 1). Therefore, relying only on the published Fd potential results 
may not be useful for a systematic assessment of enzyme activity vs Fd redox potential.  
 
Table 3.1 A list of monocluster [4Fe-4S] Fds and their reduction potentials 
 
 
Name 
 
 
Organism 
 
Em (mV) 
 
pH 
 
Reference 
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AaFd6 Aquifex  
aeolicus 
 
-480 
 
7.0 
This work 
     
DaFdI Desulfovibrio 
africanus  
-385  
7.0 
Hatchikian et al., 1984 
DaFdII -385 
     
DdFdI Desulfovibrio 
desulfuricans 
 
-330 
 
7.0 
Zubieta et al., 1973 
     
DgFdI Desulfovibrio 
gigas 
 
-455/-405 
 
8.0/7.0 
Cammack et al., 1977; 
This work 
     
DvFdII Desulfovibrio 
vulgaris Miyazaki 
 
-405 
 
7.4 
Okawara et al.,1988 
     
GsFd Geobacillus 
stearothermophilusa 
 
-280 
 
8.0 
Mullinger et al., 1975 
     
HtFd1 Hydrogenobacter 
thermophilus  
-485  
7.0 
Li and Elliott, 2016 
HtFd2 -485 This work 
     
PfFd Pyrococcus  
furiosus 
 
-365d 
 
8.0 
Smith et al., 1995 
     
PpFdI Paenibacillus 
polymyxac 
-390  
8.0 
Stombaugh et al., 1973 
PpFdII -420 
     
TmFd Thermotoga 
maritima 
 
-388d 
  
8.0 
Smith et al., 1995 
a. basonym Bacillus stearothermophilus 
b. not specified in the original paper 
c. basonym Bacillus polymyxa 
d. The potential values for Fds from P.furiosus and T.maritima were measured at room 
temperature, for comparison with the rest of the Fds in the table  
  
Instead, we made use of one or two known Fds as model scaffolds and 
systematically engineered the reduction potential through site-directed mutagenesis. The 
reduction potential of iron-sulfur proteins has been subjected to numerous experimental 
and theoretical studies (e.g. Ichiye, 1999; Langen et al., 1992; Maiocco et al., 2015; 
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Saridakis et al., 2009).  The key factors that govern the potential include charges on the 
acidic or basic residues, hydrogen bonding and solvent accessibility (Stephen et al., 1996). 
Alignment of [4Fe-4S] Fd sequences shows there are a few key positions that could be 
modified to modulate the potential (Figure 3.1). Specifically, the X-ray crystal structure 
of DaFdI is available and in this work, the crystal structure of HtFd1 was determined to a 
2.1 Å resolution in collaboration with Dr. Philip Steindel in the Elliott group.  The ~100 
mV difference between DaFdI and HtFd1 makes them a good starting point to analyze 
how the sequence differences result in potential differences. In this work, changes to the 
hydrogen bond network and solvent accessibility were made to change the iron-sulfur 
cluster environment and hence the potential.  
 
DaFdI     1 MARKFYVDQDECIACESCVEIAPGAFAMDPEIEKA---YV-------------KDVEGAS 
DaFdII    1 MARVVYVDMDECIGCESCVEIAPDVFSFDESAGKA---SV-------------TNPDGAP 
DgFdI     1 MP--IEV-NDDCMACEACVEICPDVFEMNEEGDKA---VV-------------INPD-SD 
DdFdI     1 MT--IVIDHEECIGCESCVELCPEVFAMIDGEEKA---MV-------------TAPD-ST 
DvFdII    1 MAKYLYLDQDECMACESCVELCPEAFRMSSAGEYA---EV-------------IDPN-TT 
PfFd      1 MAWKVSVDQDTCIGDAICASLCPDVFEMNDEGKAQPKVEV-------------IEDE-EL 
TmFd      1 MK--VRVDADACIGCGVCENLCPDVFQLGDDGK-A---KV-------------LQPE-TD 
PpFdI     1 MAKYTWVEKDTCIACGACGATAPDIYDYDDEGL-A---EVIFEG-DANQG-IKAISD-DL 
GsFd      1 MPKYTIVDKETCIACGACGAAAPDIYDYDEDGI-A---YVTLDD---NQG-IVEVPD-IL 
AaFd6     1 MGLKVRVDQDTCTACELCYDRIPEVFKNAGDGI-A---DVVKCDIEDDEGCWMIVPE-GL 
HtFd1     1 MALRTMVDPDTCTSCELCYDRVPEVYKNRGDGI-A---EVVSPG---PDG-WMMVPP-EL 
HtFd2     1 MR--ILIDIDTCTTCRLCYDTLPTVFVDRGDGI-P---ITLP---------MKSFPDRNL 
DaFdI    45 QEEVEEAMDTCPVQCIHWEDE---------- 
DaFdII   45 EDVIQEAIDTCPASCIHWEGE---------- 
DgFdI    41 LDCVEEAIDSCPAEAIVR--S---------- 
DdFdI    42 AECAQDAIDACPVEAISK--E---------- 
DvFdII   44 AECVEDAISTCPVECIEWREE---------- 
PfFd     47 YNCAKEAMEACPVSAITIEEA---------- 
TmFd     41 LPCAKDAADSCPTGAISVE-E---------- 
PpFdI    54 FDDMQDACDGCPTDSIKVADEPFNKE----G 
GsFd     52 IDDMMDAFEGCPTESIKVADEPFDGDPNKFD 
AaFd6    56 EEEVQEVADECPSGSIIVEE-E--------- 
HtFd1    52 EQEVKEVTDECPSGSIITEE-V--------- 
HtFd2    46 VEAIKEVMESCPSNSIQMEEVG--------- 
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Figure 3.1 Sequence alignment of monocluster [4Fe-4S] Fds. The abbreviated names 
of these Fds can be found in Table 3.1. Arrows indicate position of mutations made in 
this study. Orange: hydrophobic and polar residue exchange, green: formation of a SH---
S hydrogen bond through a “5th cysteine”, blue: change of solvent accessibility.  
 
First, the focus was on the two amino-acid residues in the first CXXC of the 
CXXCXXCXnCP [4Fe-4S] cluster binding motif and the amino-acid immediately 
following the proline (as indicated by the orange arrows in Figure 3.1).  In the crystal 
structure of DaFdI and HtFd1, these three residues are on the two loops over the iron-
sulfur cluster (Figure 3.5 A and B). Notably, in DaFdI and all known Fds from the 
Desulfovibrio genus, these three residues are, for the most part, hydrophobic (isoleucine, 
alanine, methionine and valine) but in HtFd1, and Fds from the Aquificaceae family, the 
majority of residues in these positions are polar (threonine and serine, Figure 3.1). In this 
work, using DaFdI and HtFd1 as two opposing models, these residues were changed in a 
step-wise fashion from hydrophobic to the corresponding polar residues (isoleucine to 
threonine, alanine/valine to serine), and vice versa, through single, double and triple 
mutations. 
Second, an additional cysteine at the 4th position after the last ligating cysteine, 
could form a SH---S hydrogen bond to one of the sulfur atoms of the [4Fe-4S] cluster and 
decreases the reduction potential about 50 mV, known as a “5th cysteine” effect (as 
indicated by the green arrow in Figure 3.1; Beck et al., 2001; Iismaa et al., 1991; 
Kummerle et al., 2001; Saridakis et al., 2009). This additional cysteine exists in DaFdI 
but not in HtFd1, indicating the potential of DaFdI could be modulated to a higher value 
by replacing the cysteine and the potential of HtFd1 could be modulated to a lower value 
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by introducing the cysteine. As this work aimed to understand the role of “low” potential 
Fds (< -400 mV), this “5th cysteine” approach was only applied to HtFd1.  
Last, the potential was further modified by changing the solvent accessibility of 
the iron-sulfur cluster. As indicated by the blue arrow in Figure 3.1, the residues in the 
second CXXC of the [4Fe-4S] binding motif have been subjected to mutagenesis 
showing that the size of the amino-acid side-chain gated the solvent access and 
modification of the side-chain size led to a change of the cluster potential (Chen et al., 
2002; Kummerle et al, 2001; Saridakis et al., 2009). In this work, the leucine in HtFd1 at 
this position was mutated to a less bulky-sized alanine and glycine resulting in increased 
potential.  
With various molecular variants created from DaFdI and HtFd1 (with an 
emphasis on HtFd1), an Fd library with a “Potential Gradient” was formed with a range 
over about 200 mV. The impact of Fd potential on OFOR activity was systematically 
evaluated through both the electrocatalytic assay and biochemical assays with selected 
Fds poising at different potentials. It is worth pointing out that in this work, only 
DaPFOR was tested as a model for OFOR enzymes, in both 2-oxoacid (pyruvate) 
oxidation and CO2 reduction. HtOGOR presented in Chapter 2, requires higher 
temperature (> 60 °C) to be active, making it unsuitable for the coupled biochemical 
assay in this chapter.  
 
 
		
59 
3.2 MATERIALS AND METHODS 
 
3.2.1 Sequence alignment  
The amino-acid sequences of known monocluster [4Fe-4S] Fds were downloaded 
from NCBI protein database. The sequences were aligned using T-Coffee (Notredame et 
al., 2000) and the generated “fasta_aln” file was visualized and color-coded by Boxshade 
server.   
 
3.2.2 Plasmids construction  
The construction of plasmids for Fd2 from H. thermophilus and Fd6 from Aquifex 
aeolicus and Fd from Desulfovibrio gigas followed the same procedure as that for HtFd1, 
described in Chapter 2. Molecular variants of DaFdI and HtFd1 were generated using 
QuikChange™ Lightning Site-Directed Mutagenesis Kit with primers listed in Table 3.2 
(Invitrogen).  
 
Table 3.2 Plasmids and primers for creating DaFdI and HtFd1 molecular variants 
 
Name  
 
 
Mutations  
 
Template 
 
Primer sequence 5’-ATCG-3’ 
pD01 I13T pCDF_DaFdI Forward: 
CTATGTTGACCAGGACGAATGTACCGCGTGT
GAAAG 
   Reverse: 
CTTTCACACGCGGTACATTCGTCCTGGTCAA
CATAG 
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pD02 A14S pCDF_DaFdI Forward: 
ACCAGGACGAATGTATCTCGTGTGAAAGCTG
TGTG 
   Reverse: 
CACACAGCTTTCACACGAGATACATTCGTCC
TGGT 
pD03 V57S pCDF_DaFdI Forward: 
GCGATGGATACCTGCCCGAGTCAATGTATCC
ATTGGGA 
   Reverse: 
TCCCAATGGATACATTGACTCGGGCAGGTAT
CCATCGC 
pD04 I13T/A14S pCDF_DaFdI Forward: 
ATGTTGACCAGGACGAATGTACCTCGTGTGA
AAGCTGTGT 
   Reverse: 
ACACAGCTTTCACACGAGGTACATTCGTCCT
GGTCAACAT 
pD05 I13T/V57S pD01 Forward: 
GCGATGGATACCTGCCCGAGTCAATGTATCC
ATTGGGA 
   Reverse: 
TCCCAATGGATACATTGACTCGGGCAGGTAT
CCATCGC 
pD06 A14S/V57S pD02 Forward: 
GCGATGGATACCTGCCCGAGTCAATGTATCC
ATTGGGA 
   Reverse: 
TCCCAATGGATACATTGACTCGGGCAGGTAT
CCATCGC 
pD07 I13T/A14S/
V57S 
pD04 Forward: 
GCGATGGATACCTGCCCGAGTCAATGTATCC
ATTGGGA 
   Reverse: 
TCCCAATGGATACATTGACTCGGGCAGGTAT
CCATCGC 
pH01 T13I pCDF_HtFd1 Forward: 
ACCCGGATACCTGCATCTCTTGCGAACTGTG 
 Reverse: 
CACAGTTCGCAAGAGATGCAGGTATCCGGGT 
pH02 S14A pCDF_HtFd1 Forward: 
CCGGATACCTGCACCGCTTGCGAACTGTGTT 
 Reverse: 
AACACAGTTCGCAAGCGGTGCAGGTATCCGG 
pH03 S64V pCDF_HtFd1 Forward: 
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GTGACCGACGAATGCCCGGTTGGCTCAATTA
TTACCGA 
 Reverse: 
TCGGTAATAATTGAGCCAACCGGGCATTCGT
CGGTCAC 
pH04 T13I/S14A pCDF_HtFd1 Forward: 
TTGACCCGGATACCTGCATCGCTTGCGAACT
GTGTTATG 
 Reverse: 
CATAACACAGTTCGCAAGCGATGCAGGTATC
CGGGTCAA 
pH05 T13I/S64V pH01 Forward: 
GTGACCGACGAATGCCCGGTTGGCTCAATTA
TTACCGA 
 Reverse: 
TCGGTAATAATTGAGCCAACCGGGCATTCGT
CGGTCAC 
pH06 S14A/S64V pH02 Forward: 
GTGACCGACGAATGCCCGGTTGGCTCAATTA
TTACCGA 
 Reverse: 
TCGGTAATAATTGAGCCAACCGGGCATTCGT
CGGTCAC 
pH07 T13I/S14A/
S64V 
pH04 Forward: 
GTGACCGACGAATGCCCGGTTGGCTCAATTA
TTACCGA 
 Reverse: 
TCGGTAATAATTGAGCCAACCGGGCATTCGT
CGGTCAC 
pH08 S64A pCDF_HtFd1 Forward: 
CCGACGAATGCCCGGCTGGCTCAATTATTAC
C 
   Reverse: 
GGTAATAATTGAGCCAGCCGGGCATTCGTCG
G 
pH09 T13I/S64A pH05 Forward: 
CCGACGAATGCCCGGCTGGCTCAATTATTAC
C 
   Reverse: 
GGTAATAATTGAGCCAGCCGGGCATTCGTCG
G 
pH10 S14A/S64A pH06 Forward: 
CCGACGAATGCCCGGCTGGCTCAATTATTAC
C 
   Reverse: 
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GGTAATAATTGAGCCAGCCGGGCATTCGTCG
G 
pH11 T13I/S14A/
S64A 
pH07 Forward: 
CCGACGAATGCCCGGCTGGCTCAATTATTAC
C 
   Reveres: 
GGTAATAATTGAGCCAGCCGGGCATTCGTCG
G 
pH12 S66C pCDF_HtFd1 Forward: 
GACGAATGCCCGAGTGGCTGCATTATTACCG
AAGAAGTCT 
   Reverse: 
AGACTTCTTCGGTAATAATGCAGCCACTCGG
GCATTCGTC 
pH13 S66A pCDF_HtFd1 Forward: 
CGAATGCCCGAGTGGCGCAATTATTACCGAA
GAA 
   Reverse: 
TTCTTCGGTAATAATTGCGCCACTCGGGCAT
TCG 
pH14 S66C/S64V pH12 Forward: 
TGACCGACGAATGCCCGGTTGGCTGCATTAT
TACCG 
 Reverse: 
CGGTAATAATGCAGCCAACCGGGCATTCGTC
GGTCA 
pH15 L17A pCDF_HtFd1 Forward: 
CCTGCACCTCTTGCGAAGCGTGTTATGACCG
TGTC 
 Reverse: 
GACACGGTCATAACACGCTTCGCAAGAGGTG
CAGG 
pH16 L17G pCDF_HtFd1 Forward: 
CCTGCACCTCTTGCGAAGGGTGTTATGACCG
TGTC 
 Reverse: 
GACACGGTCATAACACCCTTCGCAAGAGGTG
CAGG 
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3.2.3 Protein expression, purification and characterization  
The recombinant expression and purification of HtFd2, AaFd6, DgFd and 
molecular variants of DaFdI and HtFd1, followed the same procedure as that for HtFd1 
described in Chapter 2. The purities of these Fds were verified by SDS-PAGE on 16% 
acrylamide Tris-Tricine gels to be > 95%. The concentrations of Fds were determined 
with a RC DC™ protein assay (Bio-Rad), using BSA as the standard. The iron content of 
the proteins was determined by a ferrozine colorimetric assay (Carter, 1971). The UV-vis 
spectra of these Fds were collected on a Cary 50 Bio UV-vis spectrophotometer. EPR 
spectra were recorded on a Brucker ELEXSYS E-500 continuous wave spectrometer, 
equipped with an Oxford Instruments ESR900 continuous flow liquid helium cryostat. Fd 
samples were prepared with quartz EPR tubes under anaerobic condition in the Coy 
chamber and flash frozen in liquid nitrogen.  
The recombinant expression and purification of cytochrome c553 from Shewanella 
oneidensis (SoC5) follows a previously reported procedure (Pulcu et al., 2012). Briefly, a 
pET-25b(+)-based plasmid harboring the SoC5 gene was transformed in E. 
coli  BL21(DE3) pEC86 strain and selected on LB plates with ampicillin and 
chloramphenicol. A 5 mL overnight culture was grown in LB from a single colony and 
inoculated into 1 L 2×YT medium containing 100 mg/L ampicillin and 25 mg/L 
chloramphenicol. The culture was grown at 37 °C for 22 h with a shaking rate of 170 rpm 
without IPTG induction. Cell pellets were harvested by centrifugation and stored at -
20 °C.  Cell pellets from 2 L growth were typically resuspended in 40 mL of lysis buffer 
(20 mM Tris (pH 8.0), 1 mM EDTA, 50 mM NaCl) supplemented with 0.1 mM PMSF 
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and a tip size of DNase, and lysed by sonication. Clear lysate was obtained by 
centrifugation and its pH was adjusted to 4.5 by addition of acetic acid. Precipitated 
proteins were again removed by centrifugation and the resulting supernatant was oxidized 
by the addition of an equimolar amount of potassium ferricyanide and loaded onto a 
column with 10 mL (column volume) HighS resin pre-equilibrated with 10 mM sodium 
acetate buffer (pH 4.5). Bound proteins were eluted with a step gradient from 50 to 500 
mM NaCl in 10 mM sodium acetate (pH 4.5). SoC5 was eluted in a broad peak centered 
around 250 mM NaCl, and fractions with purity ratios (A410/A280) of ≥ 4.0 were pooled, 
concentrated by centrifugation with Amicon ultra centrifugal filters (3 kD cut-off) and 10% 
glycerol used for storage at -80 °C.  The purity of SoC5 was verified to be > 95% by 
SDS-PAGE with 16% acrylamide Tris-Tricine gels. ~6 g cell pellets from 2 L cell growth 
typically yielded ~12 mg SoC5. The concentration of SoC5 is determined optically by 
UV-vis with ascorbate-reduced sample at 553 nm (ε553 = 17.6 mM-1 cm-1).  
The purification of DaPFOR has been described in Chapter 2. The expression and 
purification of 2-oxoglutarate:ferredoxin oxidoreductase from Magnetococcus marinus 
MC-1strain (MmOGOR) will be described in Chapter 4. DaPFOR and MmOGOR 
concentrations were determined using a Quick Start™Bradford protein assay kit (Bio-
Rad) with BSA as the standard.  
3.2.4 VOIDOO cavity calculation 
The computational cavity search for HtFd1 and two of its molecular variants H15 
(HtFd1_L17A) and H16 (HtFd1_L17G) was performed by VOIDOO (Kleywegt and 
Jones, 1994). The homology models of H15 and H16 were generated using the 
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mutagenesis function in PyMOL, based on the crystal structure of HtFd1. The two 
homology models and the crystal structure of HtFd1 (all as .pdb files) were used in 
VOIDOO calculation. The key parameters for the calculation are listed in Table 3.3. 
 
Table 3.3 Grid and cavity parameters in VOIDOO calculation 
 
Parameters  
 
 
Value 
Maximum number of cavity-detection cycles 10 
Vanderwaals growth factor  1.100 
Probe radius 1.400 
Maximum number of voxels in “real” cavities  1 
Maximum number of volume-refinement cycles 10 
Grid shrink factor  0.900 
Minimum size of secondary grid  10 
Grid for plot files 0.700 
Volume-convergence tolerance (Å3) 0.100 
Volume-convergence tolerance (%) 0.100 
Primary grid spacing  1.000 
Grid sizes 41, 41, 66 
Lower X/Y/Z limits 5.000, 6.000, -7.000 
Upper X/Y/Z limits 45.000, 46.000, 58.000 
Plot grid spacing 0.700 
Representation  New-EZD 
 
The .ezd files generated from VOIDOO calculation were converted to .ccp4 files 
by MapMan (Kleywegt and Jones, 1996). The .ccp4 files for the cavities were visualized 
in PyMOL in mesh representation.  
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3.2.5 Electrochemistry   
The electrochemistry setup, non-turnover cyclic voltammetry and the 
electrocatalytic assay have been described in Chapter 2. Non-turnover cyclic 
voltammetry was conducted at room temperature in Multicomponent Buffer B (pH 7.0) 
with 20 µM Fds and 1 mM neomycin. The electrocatalytic assay for the pyruvate 
oxidation direction was conducted from -0.71 to -0.06 V (vs SHE), with 10 µM Fds, 1 
µM DaPFOR, 10 mM pyruvate, 0.2 mM CoA and 1 mM neomycin.  In the CO2 reduction 
direction, the scan range was from -0.16 to -0.81 (vs SHE), with 10 µM Fds, 2 µM 
DaPFOR, 10 mM bicarbonate, 1 mM acetyl-CoA and 1 mM neomycin. All experiments 
were conducted at 30 °C in the Multicomponent Buffer B (pH 7.0) with a scan rate of 1 
mV/s and a step potential of 0.15 mV. The voltammograms of each catalytic experiment 
were plotted with its corresponding control experiment after normalizing the background 
capacitance. For comparison among different Fds, the catalytic current values are taken 
as an average of current values at c.a. 195-205 mV higher (in the oxidation direction) or 
lower (in the CO2 reduction direction) than the reduction potential of a given Fd and 
subtracted the average current values ±5 mV of the reduction potential. Each of these 
data points is also an average of the forward and reverse scans in a given voltammogram, 
to remove the effect of background capacitance.  
 
3.2.6 Coupled enzyme assays  
Optically-coupled assays for both pyruvate oxidation and CO2 reduction assay, 
mediated by Fds, were carried out on a Cary 50 Bio UV-vis spectrophotometer (Figure 
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3.2). Activity of MmOGOR and DaPFOR was checked for every batch of purification, 
with 10 mM pyruvate or 2-oxoglutarate as substrate in Multicomponent Buffer A (pH 
7.0, 10 mM MES, MOPS, TAPS, CHES and CAPS), by monitoring the reduction of 
methyl viologen at 604 nm (ε604= 13.6 mM-1 cm-1), as described in Chapter 2. Lactate 
dehydrogenase (LDH, Type II from rabbit muscle) was purchased from Sigma and its 
activity was measured for each lot of products with 10 mM pyruvate and 200 µM NADH 
in Multicomponent Buffer A by monitoring the oxidation of NADH (ε340= 6.22 mM-1 cm-
1).		 	
	
Figure 3.2 Schematic presentation of the coupled enzyme assays. (A) Fd as the 
electron acceptor for DaPFOR during pyruvate oxidation. Cytochrome c5 from 
Shewanella oneidensis is served as the terminal electron acceptor. (B) Fd as the electron 
donor for DaPFOR during pyruvate synthesis (CO2 reduction). Fd is kept reduced by an 
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upstream reaction (MmOGOR) and pyruvate as the product was detected by a 
downstream reaction (LDH).  
 
To evaluate whether SoC5 was able to serve as the terminal electron acceptor, a 
time-dependent UV-vis full scan was collected with 6 µM SoC5 in the presence of 200 
nM DaPFOR, 10 mM pyruvate, 0.2 mM CoA and in the presence or absence of Fds (4 
µM HtFd1 or DaFdI). The reaction was started by the injection of CoA and data were 
collected every 1 min for 10 min.  
Both pyruvate oxidation and CO2 reduction assays were carried out in a 1 mL 
anaerobic serum-stopper cuvette with Multicomponent Buffer A at 30 °C. The pyruvate 
oxidation assay mixture contained 10 mM pyruvate, 0.2 mM CoA, 200 nM DaPFOR, 40 
µM SoC5 and 0~30 µM of Fds. The assay component was made anaerobic by purging 
the cuvette with argon for 5 min and the reaction was initiated by the addition of CoA. 
The change of absorbance at 533 nm (∆ε533= 12.5 mM-1 cm-1 from oxidized to reduced) 
was monitored for the reduction of SoC5. Reduction of two equivalents of SoC5 
corresponded to oxidation of one equivalent of pyruvate. The CO2 reduction assay 
mixture contained 10 mM 2-oxoglutarate, 0.2 mM CoA, 20 mM potassium bicarbonate, 5 
mM DTT, 200 µM NADH, 1 mM acetyl-CoA, 500 nM or 1 µM MmOGOR, 10 µM 
HtFd1 or its molecular variant (or 200 nM DaFdI), 100 nM DaPFOR and 2 nM LDH. 
The assay mixture was made anaerobic with 5 min argon purging and the reaction was 
incubated for 5 min to allow reduction of Fds by MmOGOR, and then initiated by the 
addition of DaPFOR. The change of absorbance at 340 nm was monitored for the 
oxidation of NADH (ε340= 6.22 mM-1 cm-1). Reduction of one equivalent of NADH 
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corresponded to the synthesis of one equivalent of pyruvate (also one equivalent of CO2 
being reduced).  
 
3.3 RESULTS 
 
3.3.1 Purification and characterization of Fds  
All Fds were purified to homogeneity with purities > 95%, verified by SDS-
PAGE with 16% acrylamide Tris-Tricine gels. ~3 g cell pellets (wet weight) from 1 L 
growth typically yield ~6 mg Fds, except for DgFd. The recombinant expression of DgFd 
resulted in the majority of the protein being obtained in the insoluble form. This result 
could possibly be related to the previous finding that one cysteine ligand could take on 
another rotamer conformation causing the the cluster to exchange between a [4Fe-4S] and 
a [3Fe-4S] cluster (Kissinger et al., 1991; Moura et al., 1982). Purification with ~3 g cell 
pellets from 1 L growth yielded ~0.6 mg DgFd, roughly 10% of the yield for other Fds. 
The purified DgFd and other Fds from this purification procedure all displayed a 
typical broad 400 nm absorbance in UV-vis spectroscopy, except for two molecular 
variants of DaFdI. The absorption feature of D05 (DaFdI_I13T/V57S) and D07 
(DaFdI_I13T/A14S/V57S) was different from that of wild type DaFdI. D05 exhibited a 
400 nm absorbance lower than the wild type and D07 exhibited higher absorbance at the 
visible range, suggesting possible protein aggregates (Figure 3.3A). In the subsequent 
electrochemical experiments, D05 did not generate any electrochemical response and 
D07 showed a weak signal. This suggests these surface mutations destabilized DaFdI, 
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resulting in disrupted clusters and protein surfaces. As the objective of this work is to 
generate a list of stable Fd molecular variants that exhibit different reduction potentials, 
no further work was carried out on this construct to determine the perturbation by 
mutation on protein stability and cluster integrity for the two molecular variants. Future 
work using biophysical methods such as circular dichroism and thermal analysis (DSC, 
differential scanning calorimetry) could help to elucidate the mechanism. 
 
 
Figure 3.3 The UV-vis spectra of DaFdI, HtFd1 and their selected molecular 
variants. (A) DaFdI, D05 (DaFdI_I13T/V57S) and D07 (DaFdI_I13T/A14S/V57S). (B) 
HtFd1 and H05 (HtFd1_T13I/S64V). 
 
Conversely, the molecular variants of HtFd1 all remain stable and demonstrated 
typical [4Fe-4S] cluster protein properties (UV-vis and electrochemistry). For example, 
the UV-vis spectrum of one such molecular variant with the double mutations (H05: 
HtFd1_T31A/S64V) was almost identical to that of the wild type (Figure 3.3B). 
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Preliminary EPR studies on a few selected molecular variants (H07: 
HtFd1_T13I/S14A/S64V, H12: HtFd1_S66C and H16: HtFd1_L17G, as purified) did not 
detect the presence of [3Fe-4S]+ (data not shown), indicating the integrity of the [4Fe-4S] 
cluster in these variants. At this point, only the spectra of HtFd1 wild type and H16 were 
recorded, both showing a typical rhombic [4Fe-4S]+ feature with a slight difference in 
their g-values, which possibly arose from the change of the cluster environment (Figure 
3.4. Ikeda et al., 2005). H07 and H12 were not able to be reduced by dithionite at the 
experiment condition which could be related to their low potential (see next section). 
 
 
Figure 3.4 EPR spectra of reduced HtFd1 and H16 (HtFd1_L17G). Experimental 
condition: temperature, 15 K; microwave frequency, 9.384 GHz; microwave power, 0.4 
mW; modulation amplitude, 0.5 mT; receiver gain, 50 dB. The radical signal (g=2.008) 
was from dithionite.  
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3.3.2 The reduction potentials of Fds 
The reduction of all Fds were determined at pH 7.0 and room temperature. Two 
Fds from H. thermophilus and Aquifex aeolicus, HtFd2 and AaFd6, exhibited a reduction 
potential of -485 mV and -480 mV, respectively (Ikeda et al., 2005). The reduction 
potential of DgFd was determined to be -405 mV at pH 7.0, slightly different from a 
previous report (-455 mV for the [4Fe-4S] cluster at pH 8.0, Cammack et al., 1977). The 
original cyclic voltammograms for HtFd2, AaFd6 and DgFd are given in Appendix 1. 
Because the potential values are similar to that of HtFd1 and DaFdI, these Fds were not 
used further in our study of the relationship between Fd redox potential and OFOR 
enzyme activity.   
The reduction potential values of all DaFdI and HtFd1 molecular variants are 
listed in Table 3.4 and the corresponding original cyclic voltammograms can be found in 
Appendix 2 and 3.  
 
Table 3.4 The reduction potential of DaFdI and HtFd1 molecular variants 
 
Name 
 
 
Mutations 
 
Em (mV, vs SHE) 
 
∆ Em (mV)a 
DaFdI Wild Type -385 0 
D01 I13T -410 - 25 
D02 A14S -395 - 10 
D03 V57S -378 + 7 
D04 I13T/A14S -400 -15 
D05 I13T/V57S N.D.b N.D.b 
D06 A14S/V57S -391 -6 
D07 I13T/A14S/V57S -405 -20 
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HtFd1 Wild type -485 0 
H01 T13I -482 + 3 
H02 S14A -489 - 4 
H03 S64V -533 - 48 
H04 T13I/S14A -488 - 3 
H05 T13I/S64V -515 - 30 
H06 S14A/S64V -530 - 45 
H07 T13I/S14A/S64V -525 - 40 
H08 S64A -530 - 45 
H09 T13I/S64A -515 - 30 
H10 S14A/S64A -530 - 45 
H11 T13I/S14A/S64A -515 - 30 
H12 S66C -545 - 60 
H13 S66A -481 + 4 
H14 S66C/S64V -555 - 70 
H15 L17A -458 + 27 
H16 L17G -440 + 45 
a. The change in potential compared to the wild type. 
b. N.D. not determined at the experimental condition.  
 
3.3.3 Reduction potential change through hydrophobic-polar residue exchange  
The first approach was to alter DaFdI and HtFd1 reduction potential through a 
stepwise exchange of hydrophobic and polar residues around the cluster. Figure 3.5A and 
B illustrated the positions of mutation on DaFdI and HtFd1 with this approach.  
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Figure 3.5 Hydrophobic-Polar residues exchange in DaFdI and HtFd1. (A) Positions 
of mutations in DaFdI (PDB: 1FXR, Sery et al., 1994). (B) Positions of mutations in 
HtFd1. The structure of HtFd1 was determined in collaboration with Dr. Philip Steindel 
in this work. 
  
In the case of DaFdI, this mutation strategy only produced molecular variants 
with small potential changes. Single mutations of T13I, A14S and V57S caused a 
decrease of 25 mV, a decrease of 10 mV and an increase of 7 mV, respectively (Figure 
3.6A, Table 3.4). The potential changes for double and triple mutations were no more 
than 20 mV. Because of the small potential changes and the instability issues with some 
of the DaFdI molecular variants (see Section 3.3.1 and Figure 3.3), no further 
mutagenesis studies were carried out on DaFdI. 
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Figure 3.6 Typical voltammograms of DaFdI, HtFd1, D01 (DaFdI_I13T) and H03 
(HtFd1_S64V). The voltamomograms of molecular variants (solid line) were overlayed 
with their corresponding wild types (dashed line) for comparison. (A) The reduction 
potential of D01 (DaFdI_I13T) decreased by 25 mV compared to the wild type. (B) The 
reduction potential of H03 (HtFd1_S64V) decreased by 48 mV compared to the wild type. 
 
In the case of HtFd1, while mutations on the first loop did not cause any 
significant change (T13I increased by 3 mV and S14A decreased by 4 mV), the S64V 
mutation caused a ~50 mV increase (Figure 3.6B). Molecular variants with double or 
triple mutations involving the S64V mutation all exhibited a change of 30-45 mV, 
indicating the dominant effect of S64V (Table 3.4). 
In HtFd1, the distance between the oxygen atoms of the hydroxyl groups in S64 
and T11 is 2.6 Å.  The distance between the oxygen atoms of the hydroxyl groups in T11 
and S66 is 2.6 Å. Moreover, the hydroxyl group of S64 is pointing towards the iron-
sulfur cluster and the oxygen atom has a distance of 3.1 Å from the nearest sulfur atom of 
the cluster (Figure 3.7A). Therefore, the S64V mutation may have abolished the 
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hydrogen bond between S64 and T11, and the OH---S hydrogen bond between S64 and 
the sulfur atom of the cluster. The elimination of hydrogen bonds, especially the one to 
the cluster, decreased the reduction potential, as any additional negative charge could not 
be delocalized from the cluster to the hydrogen bonding network (Stephen et al., 1996). 
 
 
Figure 3.7 The hydrogen bonding network involving S64 in HtFd1. (A) The crystal 
structure of HtFd1, highlighting S64, T11 and S66. The distances between the oxygen 
atoms of the hydroxyl groups and the distance between S64 hydroxyl oxygen atom and 
the nearest sulfur atom in the [4Fe-4S] cluster were labelled. (B) The crystal structure of 
HtFd1_S64A, highlighting A64, T11 and S66. The distance between T11 and S66 
hydroxyl oxygen atoms was labelled.   
 
To verify that the decrease of potential was indeed caused by abolishing hydrogen 
bonds other than by steric effects of the valine side-chain, S64 was further mutated to an 
alanine. Constructs bearing single, double and triple mutantions involving S64A showed 
the same effect as S64V (Table 3.4 and Figure 3.8). Furthermore, the crystal structure of 
the HtFd1_S64A molecular variant was also determined to 2.0 Å (Figure 3.7B). 
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Superposition of HtFd1 wild type and HtFd1_S64A crystal structures showed almost no 
change of their overall architecture and the alanine at position 64 has the same orientation 
as the serine in the wild type, but is not able to form hydrogen bonds to T11 and the 
cluster.  
 
Figure 3.8 Typical voltammograms of HtFd1 and H08 (HtFd1_S64A). The reduction 
potential of HtFd1_S64A decreased by 45 mV compared to the wild type.  
 
3.3.4 Evaluation of the “5th cysteine” effect in HtFd1 molecular variants 
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Figure 3.9 The “5th cysteine” in DaFdI and the corresponding residue in HtFd1. (A) 
The crystal structure of DaFdI (PDB:1FXR, Sery et al., 1994), highlighting the 5th 
cysteine, C59. The sulfur atom has a distance of 3.4 and 4.2 Å to the nearby sulfur atoms 
of the [4Fe-4S] cluster. (B) The crystal structure of HtFd1, highlighting the position of 
mutation, S66. The oxygen atom from the hydroxyl group of S66 has a distance of 4.6 
and 4.7 Å to the nearby sulfur atoms of the [4Fe-4S] cluster. 
 
The sulfur atom of the thiol group of C57 in DaFdI has a distance of 3.4 and 4.2 Å 
to the two nearby sulfur atoms of the [4Fe-4S] cluster (Figure 3.9A). It was suggested 
that this thiol group of the non-ligating cysteine could form a SH---S hydrogen bond with 
the cluster. This additional cysteine is known as the “5th cysteine” and its presence 
usually lowers the reduction potential of iron-sulfur clusters by at least 50 mV (Beck et 
al., 2001; Iismaa et al., 1991; Kummerle et al., 2001; Saridakis et al., 2009). The 
corresponding position of C57 in HtFd1 is S66. The oxygen atom of the hydroxyl group 
of S66 has a distance of 4.6 and 4.7 Å to the two nearby sulfur atoms in the [4Fe-4S] 
cluster (Figure 3.9B). With this distance, S66 is unlikely to form hydrogen bonds with the 
cluster. When S66 was mutated to an alanaine, the reduction potential increased by 4 mV, 
a neglectable change compared to the wild type; when S66 was mutated to a cysteine, the 
reduction potential decreased by 60 mV (Figure 3.10A). The large change in potential 
suggested the formation of a SH---S hydrogen bond in HtFd1_S66C. 			
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Figure 3.10 Typical voltammograms of HtFd1, H12 (HtFd1_S66C), H13 
(HtFd1_S66A) and H14 (HtFd1_S66C/S64V). (A) The reduction potential of H12 
(HtFd1_S66C) decreased by 60 mV and the reduction potential of H13 (HtFd1_S66A) 
increased by 4 mV. (B) The reduction potential of H14 (HtFd1_ S66C/S64V) decreased 
by 70 mV compared to the wild type, an additional 10 mV decrease compared to H12 
((HtFd1_S66C).  
It was suggested that although the “5th cysteine effect” was achieved through the 
formation of a SH---S hydrogen bond, the dominant factor in modulating the cluster 
potential was not through the hydrogen bond, because extended hydrogen bonding 
network would actually increase the potential by delocalize the negative charge. Instead, 
the formation of SH---S hydrogen bond would shift the position of the peptide backbone 
and ultimately alter the electrostatic environment of the cluster (Beck et al., 2001).
Indeed, in a study of an Fd from Allochromatium vinosum (AlvinFd), the authors 
compared the crystal structures of the wild type and the C57A molecular variant (at 1.05 
Å resolution) and observed a significant backbone movement towards the cluster in the 
C57A variant (Saridakis et al., 2009). The distance between the α-carbons of C57 and 
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A57 is 0.7 Å in the superposed structures of the wild type and the C57A molecular 
variant (PDB: 1BLU and 3EUN, RMSD: 0.22 Å. Moulis et al., 1996; Saridakis et al., 
2009). Future structural characterization of the HtFd1_S66C molecular variant could 
provide further evidence on this effect.	
Additionally, the S66C mutation was combined with a S64V mutation, which 
previously decreased the potential by ~50 mV. The resultant double mutant (H14, 
HtFd1_S66C/S64V) showed a reduction potential of -555 mV, a decrease of 70 mV 
compared to the wild type (Figure 3.10B and Table 3.4). This suggests that the two 
effects are slightly additive, but how the two mutations contributed to the decrease of 
potential was not clear. In any case, the double mutant HtFd1_S66C/S64V achieved the 
lowest potential of those variants generated in this study.  
 
3.3.5 Evaluation of the impact of solvent accessibility in HtFd1 molecular variants  
Electrochemical experiments showed the effect of modulating solvent 
accessibility was apparent in HtFd1 molecular variants. When the bulky leucine (L17) in 
HtFd1 was mutated to alanine or glycine (as illustrated in Figure 3.11, A-C), the 
reduction potentials increased by 27 mV and 45 mV, respectively (Figure 3.11, D-E).  
This result is in agreement with previous studies. For example, a V13G mutation in 
AlvinFd (corresponding to the L17 position in HtFd1) resulted in a similar potential 
change, 46 mV (Saridakis et al., 2009). Notably, the magnitude of the potential increase 
is correlated to the change in side-chain size in our results, suggesting that the more a 
cluster is exposed to the solvent, the higher potential it exhibits.  
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Figure 3.11 The impact of solvent accessibility in HtFd1. (A) The crystal structure of 
HtFd1, highlighting L17. (B)-(C) L17 was “virtually” mutated to alanine and glycine in 
PyMOL based on the HtFd1 crystal structure, to illustrate the effect of increasing solvent 
accessibility. (D)-(E) Typical Voltammograms of HtFd1_L17A and L17G. The potential 
of HtFd1_L17A and HtFd1_L17G increased by 27 mV and 45 mV compared to the wild 
type. 
 
Additionally, the mutagenesis strategy based on solvent accessibility could be 
used in combination with other strategies. For example, in the study of Azobacter 
vinelandii FdI (AzvinFdI), a similar L44S mutation increased the cluster potential by 94 
mV (Chen et al., 2002). The change in potential is likely a combined effect of increasing 
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the solvent exposure and establishing a new hydrogen bonding pattern to the cluster. It 
has also been shown that a triple mutation in AlvinFd (D12G/V13G/C57A) could 
increase the cluster potential up to 183 mV (Kummerel et al., 2001). All these strategies 
provide a way to systematically tune the Fd potential and allow the engineering of an Fd 
with a desired potential for a variety of intended purposes.    
To better understand the role of potential changes in solvation at the iron-sulfur 
cluster of HtFd1, the computational tool VOIDOO was used to search for cavities in 
HtFd1, HtFd1_L17A and HtFd1_L17G (Kleywegt and Jones, 1994). The crystal structure 
of HtFd1 (unpublished data from Dr. Philip Steindel) reveals that the protein natively is a 
dimeric structure, and VOIDOO calculations were based on the dimeric form of HtFd1 
and its molecular variants.  
In both HtFd1 and HtFd1_L17A, VOIDOO produces the result of three cavities 
that are artefacts, as VOIDOO ignores the [4Fe-4S] cluster (Figure 3.12A, see Appendix 
4 and 5 for HtFd1 and HtFd1_L17A, respectively). In contrast, for HtFd1_L17G a new 
cavity emerges (Figure 3.12B, see Appendix 6 for the coordiantes of cavities). Cavity 1 
in HtFd1_L17G has a volume of 40 Å3 (Figure 3.12B).  It is surrounded by a number of 
residues from both the α chain (C15, G17, C18, R21, V58, E61, C62, P63 and I67) and β 
chain (S14, C15, E16, G17, C18, Y19, R21, A34, V58, E61, C62, P63 and I67) of the 
dimeric form of HtFd1_L17G. Cavity 1 is possibly the site where increased solvent 
exposure occurs.  
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Figure 3.12 Possible cavities created through the L17G mutation. (A) A cartoon and 
surface representation of HtFd1, shown in its dimeric form, highlighting L17 (as sticks 
representation) and the three cavities detected by VOIDOO (as mesh representation). The 
three cavities are centered on the [4Fe-4S] clusters. (B) A cartoon and surface 
representation of HtFd1_L17G, shown in its dimeric form, highlighting G17 (as sticks 
representation) and all the four cavities detected by VOIDOO (as mesh representation).  
Cavity 1 is at the dimer interface and the other three cavities are centered on the [4Fe-4S] 
clusters.  
 
It is worth noting that the homology models of HtFd1_L17A and HtFd1_L17G 
used for VOIDOO calculation were created using the mutagenesis function of PyMOL. It 
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only created a local change at the point of mutation and did not take into account of 
possible global changes. Therefore, the analysis here just provided a possible view of 
how mutations could result in cavities on the protein surface and increased solvent 
exposure of the cluster. More accurate assessment of solvent accessibility will rely on the 
determination of the strcutures of HtFd1_L17A and L17G in the future.   
 
3.3.6 A Fd library with a “Potential Gradient”  
Through the molecular variants created based on DaFdI and HtFd1, a Fd library 
with a “potential gradient” was constructed (Figure 3.13). These Fds span a potential 
range of almost 200 mV. To assess the dependence of OFOR activity on Fd potential, a 
few Fds from the library were selected for the subsequent kinetic study (represented by 
green boxes in Figure 3.13). HtOGOR studied in Chapter 2 requires a high temperature 
(> 60 °C) to be active, making it unsuitable for the coupled assays that were to be carried 
out in this chapter (see Figure 3.2, where different protein components of the coupled 
assays may not be stable at temperatures above 60 °C). Therefore, DaPFOR was used as 
the OFOR enzyme model for the evaluation of Fd potential on OFOR activity. It is worth 
noting that the selected Fds mostly consist of HtFd1 molecular variants. The non-native 
pairing with DaPFOR may be better in interpreting the kinetic results within the context 
of Fd potential.   
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Figure 3.13 A Fd library with a “potential gradient”. Each box represents an Fd and is 
centered at its reduction potential.  Fds represented by green boxes were those selected 
for kinetic experiments to determine the dependence of OFOR activity on Fd potential.   
 
3.3.7 Electrocatalytic assay  
The electrocatalytic assay was carried out as described in Chapter 2. Each 
selected Fd was used as both the electron acceptor (on the left panel, the reduction 
potential of Fds decreases from top to bottom, Figure 3.14, A, C, E, G, I, K, M) for 
DaPFOR during pyruvate oxidation, and the electron donor (on the right panel, Figure 
3.14 B, D, F, H, J, L, N) for DaPFOR during CO2 reduction (pyruvate synthesis).  
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Figure 3.14 The electrocatalytic assays for DaPFOR in both pyruvate oxidation and 
CO2 reduction with selected Fds as the electron mediator. (A), (C), (E), (G), (I), (K) 
and (M) show typical voltammograms of pyruvate oxidation with Fds as the electron 
acceptor. (B), (D), (F), (H), (J), (L) and (N) show typical voltammograms of CO2 
reduction with Fds as the electron acceptor. The potential values measured at room 
temperature are shown for comparison. (O) and (P) show plots of the catalytic current 
values at 200 mV “overpotential” against a given Fd reduction potential (see Materials 
and Methods section). Positive values are used for the plots. Because DaFdI did not 
generate catalytic currents, its catalytic current value at CO2 reduction was set as 0.  
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The electrocatalytic assays verified what has been hypothesized in Chapter 2: the 
redox mediator is the determinant of the catalytic bias of OFOR towards the oxidation or 
the reduction direction. When DaPFOR was used as the catalyst in the pyruvate oxidation 
direction, DaFdI generated a higher catalytic current than HtFd1 (Figure 2.7A and B, 
Chapter 2); in the CO2 reduction direction, only HtFd1 could support catalysis and 
generate a cathodic current (Figure 2.8A and B, Chapter 2). This suggests at a higher 
potential DaFdI serves as a better electron acceptor and at a lower potential HtFd1 serves 
as a better (and necessary) electron donor. Here, even though the scan range was different 
from that of Chapter 2, the same trend was observed.  In the pyruvate oxidation direction, 
DaFdI generated a bigger current than HtFd1 (Figure 3.14, A, E and O) and in the CO2 
reduction direction, HtFd1 could but DaFdI could not generate a cathodic current (Figure 
3.14, B, F and P). 
The same trend was also observed in the pyruvate oxidation direction. The 
catalytic current values of these Fds showed a positive correlation with their potential, 
underscoring the dominant effect of the thermodynamic barrier (Figure 3.14, O). On the 
other hand, the CO2 reduction direction exhibited an interesting biphasic pattern, while at 
potential higher than -515 mV, as expected, the catalytic current values showed a 
negative correlation with their potential; at potential points lower than -515 mV, the 
pattern was reversed.  The Fds with even lower potential did not generate larger current, 
indicating that the thermodynamic driving force may not be the only factor here. 
Experiment errors considered, one possible explanation would be that OFOR in the CO2 
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reduction direction may have a “potential optimum”. To verify the findings in the 
electrocatalytic experiments, biochemical assays for studying OFOR were carried out.   
 
3.3.8 Coupled enzymatic (biochemical) assays  
To compare and contrast with the electrochemical results, biochemical/enzymatic 
assays were carried out to evaluate the dependence of OFOR catalytic activity on Fd 
potential (see Figure 3.2 for the reaction schemes), in both the 2-oxoacid (pyruvate) 
oxidation and CO2 reduction directions.   
In the oxidation direction, Fds serve as the electron acceptor and are reduced in 
the assay. In principle, the direct measurement of Fd is possible by monitoring the 
bleaching of the [4Fe-4S] cluster absorbance ca. 400 nm. However, the change is too 
subtle to compare among these Fds (e.g. for HtFd1, ∆ ε425= 5.5 mM-1 cm-1, Yamamoto et 
al., 2010). It would be helpful to couple the reduction of Fd to a downstream reaction that 
contains a better chromophore. Cytochrome c is usually used for this purpose and 
previous studies showed the electron-transfer between Fd and cytochrome c was usually 
faster than between Fd and the enzyme (Capeillere-Blandin et al., 1986; Pieulle et al., 
1999). In this study, a cytochrome c553 from Shewanella oneidensis (SoC5) that has a 
defined absorption feature was used (Pulcu et al., 2012). SoC5 was able to serve as the 
terminal electron donor in this reaction. When DaFdI was used as the electron mediator, 
SoC5 was fully reduced within 2 min, but it was not fully reduced even after 10 min with 
HtFd1 as the mediator (Figure 3.15B and C). However, it was also found there was some 
background reaction with DaPFOR directly reducing SoC5 (Figure 3.15A). Therefore, in 
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the activity assay, a control experiment was always conducted to establish the 
background activity, which was subtracted from the data points in the presence of Fds.   
 
Figure 3.15 Coupled enzymatic assay in the pyruvate oxidation direction. (A)-(C) the 
absorbance change of 6 µM SoC5 in the presence of 200 nM DaPFOR, 10 mM pyruvate 
and 0.2 mM CoA. (A) no Fd was added. (B) 4 µM DaFdI was added. (C) 4 µM HtFd1 
was added. (D) Activity of DaPFOR measured as pyruvate oxidation, where different Fds 
were used as the electron acceptor for DaPFOR and SoC5 was used as the terminal 
electron acceptor. The activity was calculated based on the 553 nm absorbance change in 
SoC5 with background activity subtracted. The activity plots could be fitted into the 
Michalie-Menten equation, when DaFdI, H16 and HtFd1 were used as the electron 
acceptor. DaFdI: kcat  = 96 min-1, KM = 86 nM, kcat/KM =1.9 × 104 s-1 M-1; H16: kcat  = 115 
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min-1, KM = 6.2 µM, kcat/KM =3.1 × 102 s-1 M-1; HtFd1: kcat  = 89 min-1, KM = 5.1 µM, 
kcat/KM =2.9 × 102 s-1 M-1. 
 
 
Overall, because of the background activity subtraction, the activity of DaPFOR 
in pyruvate oxidation determined in this SoC5-coupled assay was lower than that 
previously determined with methyl viologen as the PFOR electron acceptor (Figure 2.4 
A, Chapter 2). However, the activity values determined with different Fds as the electron 
acceptor showed a general trend of activity dependence on the Fd potential (Figure 3.15 
D). It is worth noting that because DaFdI is the native electron acceptor for DaPFOR, the 
apparent KM determined for DaFdI (86 nM) is much lower than those determined for 
HtFd1 (5.1 µM) and HtFd1_L17G (6.2 µM). HtFd1 molecular variants with a potential 
below -515 mV did not demonstrate a typical Michaelis-Menten curve and many of them 
exhibited an activity at the background activity level at lower Fd concentrations (< 5 µM) 
so it is not possible to determine and compare the catalytic efficiency among those Fds.  
Since HtFd1 molecular variants only differ by an amino-acid or two, it is expected that 
the binding constants to DaPFOR among these Fds are almost the same. Therefore, the 
activity of HtFd1 molecular variants were compared at “saturating” concentrations (10 
and 20 µM Fds, two and four times of the apparent KM for HtFd1) and with DaFdI at 
saturating Fd concentrations (Figure 3.16A).  Again, the activity demonstrated a good 
positive correlation with the Fd potential, reminiscent of the electrocatalytic experiments 
in the pyruvate oxidation direction (Figure 3.14O).  
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Figure 3.16 The activity of DaPFOR in pyruvate oxidation and CO2 reduction with 
different Fds as the electron mediator. (A) Activity of DaPFOR in pyruvate oxidation. 
With 10 or 20 µM HtFd1 and HtFd1 molecular variants and DaFdI at its saturating 
condition. (B) Activity of DaPFOR in CO2 reduction. 1× and 2× upstream stand for two 
different upstream reaction conditions where 500 nM or 1 µM MmOGOR was used.  
  
The coupled assay for CO2 reduction was developed based on previous work from 
the Ragsdale and the Igarashi groups (Figure 3.2B. Furdui and Ragsdale, 2000; Ikeda et 
al., 2010; Yamamoto et al., 2010). In this coupled assay, an upstream reaction as a 
reduced Fd regeneration system was found to be essential and a downstream reaction for 
product detection was needed. Here, an orthogonal 2-oxoglutarate:ferredoxin 
oxidoreductase from Magnetococcus marinus MC-1 (MmOGOR) was used in the 
upstream reaction (characterization of this enzyme will be in Chapter 4). It uses 2-
oxoglutarate as the substrate and reduces Fd. Lactate dehydrogenase (LDH) from rabbit 
muscle was used in the downstream reaction, for detection of pyruvate. Additionally, it is 
important that the enzymes used in the coupled assay do not cross-react with the 
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substrates in the assay. Control experiments confirmed DaPFOR and LDH did not react 
with 2-oxoglutarate, which was added in the upstream reaction and MmOGOR did not 
react with pyruvate (data not shown). Lastly, the assay was designed to ensure that the 
activity of enzymes in the upstream reaction and the downstream reaction far exceed that 
of MmOGOR and thus the NADH consumption rate could equate the rate of 2-
oxoglutarate synthesis. In this assay, MmOGOR in the upstream reaction demonstrated 
an activity of ~500 min-1 with 10 mM 2-oxoglutarate, LDH in the downstream reaction 
exhibited an activity of 3.3 x 105 s-1 with 10 mM pyruvate and as shown in Chapter 2, 
DaPFOR in this study exhibited an activity of ~350 min-1 in the pyruvate oxidation 
direction. At the assay condition, with 500 nM or 1 µM MmOGOR in the upstream 
reaction and 2 nM LDH in the downstream reaction, the CO2 reduction catalyzed by 
DaPFOR should be the rate limiting step and thus the rate of NADH oxidation could be 
equated as the rate of CO2 reduction by DaPFOR. HtFd1 and its molecular variants were 
added at a final concentration of 10 µM, about two times the apparent KM for HtFd1. 
Moreover, 200 nM DaFdI was added, also at about two times the apparent KM.  
Notably, the activity of DaPFOR in CO2 reduction with different Fds as the 
electron donor also displayed a biphasic pattern in this purely biochemical assay, similar 
to that of the electrocatalytic experiments (Figure 3.14P). At Fd potential higher than -
515 mV, the CO2 reduction activity was negatively correlated to the Fd potential, 
suggesting that thermodynamic factor was dominant; at potential lower than -515 mV, 
the potential dependence was less clear (Figure 3.16B). Insufficient reduction of Fd in the 
upstream reaction was ruled out as doubling the enzyme in the upstream reaction did not 
		
95 
change the pattern at potential lower than -515 mV (Figure 3.16B). Again, together with 
the electrocatalytic experiments, this seems to suggest there is a “potential optimum” for 
DaPFOR in CO2 reduction. Once the minimal thermodynamic requirement is met, 
increasing the driving force does not necessarily stimulate the enzyme activity. In this 
regime, other factors in the intermolecular electron-transfer may play a more significant 
role (i.e. kinetics of protein-protein interactions, and not the fundamental ET process). As 
two Fds are required for each turnover of the enzyme, it is also not clear if one ET step is 
specifically rate limiting. 
It is worth noting that HtFd1_T13I/S14A (-515 mV) exhibited the best ability 
among HtFd1 molecular variants as the electron donor for DaPFOR in both the 
electrocatalytic and coupled biochemical assay. Besides its optimal reduction potential, 
the surface mutations T13I/S64A made it more similar to DaFdI, the native redox partner 
of DaPFOR. This hydrophobic “patch” may facilitate the intermolecular electron-transfer 
between DaPFOR and HtFd1_T13I/S14A (Bendall, 1996).  
 
3.4 DISCUSSION 
 
The reduction potential of iron-sulfur clusters plays an important role in 
governing active site chemistry, inter- and intra-molecular electron-transfer and catalytic 
bias (Abou Hamdan et al., 2012; Artz et al, 2017; Blazyk et al., 2005; Maiocco et al., 
2015, 2016). Understanding the factors that govern the iron-sulfur cluster reduction 
potential is instrumental in tuning enzyme catalysis and protein engineering. In this work, 
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mutagenesis approaches focused on hydrogen bonding tuning and solvent accessibility 
control have proven to be effective in rational modulation of iron-sulfur cluster potential. 
The resultant Fds generate a 200 mV potential range, and thereby facilitated the study of 
the energetics and kinetics of enzyme catalysis, together with its native (or near native) 
redox partner. These data also provide an opportunity for new computational efforts in 
examining the molecular determinants of redox potential for iron-sulfur proteins based on 
their structure or sequence.  
In this work, the reduction potential of the [4Fe-4S] cluster was modulated to as 
low as -555 mV, which is the lowest for known monocluster Fds. This greatly expands 
the current understanding of the redox properties of iron-sulfur proteins. Also determined 
in this work was the lowest potential for monocluster Fds found thus far, that of -485 mV 
for HtFd1. The 70 mV downshift of potential only involved a two amino-acids change, 
and specifically, a “5th cysteine” could single-handedly lower the potential by 60 mV.  
From a sequence/structure-function point of view, such a low potential is not hard to 
achieve, but it is interesting to ponder why it has not been discovered for monocluster Fds 
in nature. On the other hand, an iron-sulfur cluster with potential lower than -500 mV 
was not uncommon for proteins with more than one iron-sulfur clusters. For example, the 
auxiliary cluster in AdoMet radical enzyme BtrN exhibited a reduction potential of -765 
mV. It was postulated that such a low potential cluster could donate an electron to the 
active site during the catalytic cycle and is meaningful in radical chemistry (Maiocco et 
al., 2015). Within the Fd protein family, whose biological function is to mediate electron-
transfer, clusters with potentials lower than -500 mV have been also discovered in Fds 
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with two [4Fe-4S] clusters, as well as Fds with one [4Fe-4S] cluster and one [3Fe-4S] 
cluster. For example, the cluster I for the Alvin-type Fds usually exhibits a potential 
lower than -600 mV (Giastas et al., 2006; Kyritsis et al., 1998; Saridakis et al., 2009; 
Gao-Sheridan et al., 1998). The [4Fe-4S] cluster in Azobacter vinelandii FdI 
demonstrated a potential of -647 mV (Iismaa et al., 1991). However, it was unclear if 
these low potential clusters were indeed the electron-transfer entry/exit point with the 
external redox partner. Rather they are usually considered to create a potential difference 
within the protein as the reduction potential of the other cluster is usually from -400 to -
490 mV for a [4Fe-4S] cluster and -140 mV to -440 mV for a [3Fe-4S] cluster 
(Armstrong et al., 1989; Chen et al., 2002; Saridakis et al., 2009). This potential 
difference is important in controlling kinetics of intramolecular electron-transfer 
(Blanchard et al., 1993; Huber et al., 1995; Kyritsis et al., 1998). For Fd with only one 
cluster, there was no need for such control of intramolecular electron-transfer. Therefore, 
the lowest potential found for monocluster Fds, -485 mV at room temperature, or -530 
mV at the physiological temperature for HtFd1, may represent the thermodynamic limit 
of biological reactions in which Fds participate. At this potential range (~ -500 mV), 
many challenging reactions such as OFOR catalyzed reductive carboxylation (Eo’=-500 
mV) and carbon monoxoide dehydrogenase (CODH) catalyzed CO2 reduction to CO 
(CODH, Eo’= -520 mV) could proceed with Fd as the electron donor (Buckel and Thauer, 
2013).  
The appearance of an optimized OFOR activity, with respect to Fd potential in the 
2-oxoacid oxidation and CO2 reduction directions is enigmatic. In the oxidation direction, 
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typical models would state that chemical steps precede the intermolecular electron-
transfer step (see more details about the reaction mechanism in Figure 1.4, Chapter 1). As 
DaPFOR contains three [4Fe-4S] clusters, the two electrons generated from pyruvate 
oxidation could be stored on the clusters. In this intermolecular electron-transfer event, 
the reduced [4Fe-4S] clusters in the enzyme are the donor, and the oxidized [4Fe-4S] 
cluster in Fd is the electron acceptor. In this situation it is possible that the reorganization 
energy is minimal and therefore thermodynamics is the dominant effect in intermolecular 
electron-transfer. 
 In the CO2 reduction direction, the intermolecular electron-transfer step precedes 
the chemical step. The enzyme must be reduced first to start the catalytic cycle (see more 
details about the reaction mechanism in Figure 6.2, Chapter 6). It is possible in this 
situation a large reorganization energy is required for OFOR to be the electron acceptor 
and therefore the intermolecular electron-transfer is governed by the Marcus inverted 
region (Fukuzumi et al., 2003; Marcus, 1964). Under this situation, increasing the driving 
force does not increase, but decreases the rate of electron-transfer.  
 
3.5 CONCLUSIONS 
  
The main objective of this chapter was to systematically evaluate the impact of Fd 
potential on OFOR activity. To achieve this goal, a Fd library was constructed with 
DaFdI and HtFd1 and their molecular variants that expand a potential range of ~200 mV 
and demonstrate a “potential gradient”. The systematical tuning of Fd potential through 
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hydrogen bonding and solvent accessibility was especially successful using HtFd1 as the 
model. It was found that abolishing hydrogen bonding could increase the potential 
(HtFd1_S64V/A), establishing a “5th cysteine” hydrogen bonding to the cluster (and 
therefore shift the main chain position) could introduce a decrease of potential 
(HtFd1_S66C) and increasing the cluster solvent accessibility could increase the cluster 
potential (HtFd1_L17A/G). With a combination of these strategies, the cluster potential 
could be modulated to be as low as -555 mV (HtFd1_S66C/S64V), again breaking the 
potential limit of known monocluster Fds. Subsequent analysis on OFOR activity 
dependence on Fd potential using DaPFOR as the model showed in the pyruvate 
oxidation direction, the DaPFOR activity was positively correlated to Fd potential, i.e., 
the activity increases as Fd potential increases, and indicated thermodynamic driving 
force was the dominant factor. In the CO2 reduction direction, the relationship between 
DaPFOR activity was biphasic: at potential higher than -515 mV, DaPFOR CO2 
reduction activity was negative correlated to Fd potential, again indicating the dominating 
effect of thermodynamic driving force, however, at a potential lower than -515 mV, the 
relationship was less clear. Other factors may play a role in governing the intermolecular 
electron-transfer between DaPFOR and Fd.  
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CHAPTER 4 
 
THE 2-OXOGLUTARATE:FERREDOXIN OXIDOREDUCTASE FROM 
MAGNETOCOCCUS MARINUS MC-1: DISCOVERY, CHARACTERIZATION AND 
STRUCTURE 			 	
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4.1 INTRODUCTION 	
In Chapters 2 and 3, we demonstrated and evaluated the impact of intermolecular 
electron-transfer on catalysis by OFORs as determined by the reduction potential of the 
electron mediator, Fd. Within the OFOR, electron-transfer (ET) chemistry also serve as 
key steps of the catalytic cycle (See Figure 1.4 and 1.5, Chapter 1). In this chapter, the 
focus will be on the OFOR enzyme itself, and a novel catalytic strategy that may be 
required in prototypical members of the OFOR superfamily.  
As discussed in Chapter 1, the major difference among all OFORs is the presence 
or absence of an additional Fd domain (Domain V), which contains two of the three [4Fe-
4S] clusters. This gives rise to two main categories of OFORs: one that has three [4Fe-
4S] clusters and the other with only one [4Fe-4S] cluster. Most prior biochemical, 
spectroscopy and structural work, until very recently, has focused only upon OFOR 
enzymes that bear all three clusters.		
OFORs of the one-cluster type were found in both the CO2 evolution direction 
(Halobacterium halobium, Aeropyrum pernix and Sulfolobus tokadii) as well as the CO2 
fixation direction (Chlorobium limicola, basonym Chlorobium thiosulfatophilum, and 
Hydrogenobacter thermophilus). They either demonstrated strict substrate specificity to a 
type of 2-oxoacid, or were rather promiscuous towards a series of 2-oxoacids (Gehring 
and Arnon, 1972; Kerscher and Oesterhelt, 1981a; Nishizawa et al., 2005; Yoon et al., 
1996; Zhang et al., 1996). Therefore, the lack of Domain V is not related to the direction 
of reaction in vivo, or determining the nature of the 2-oxoacid substrate, but is instead 
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related to the electron-transfer steps during the catalytic cycle. In the proposed 
mechanisms, OFORs of the three-cluster type and the one-cluster type go through the 
same chemical steps but differ in their electron-transfer steps (Figure 4.1). OFORs of the 
three-cluster type can host two electrons until the end of a catalytic cycle before Fd 
binding; OFORs of the one-cluster type, on the other hand, require Fd to bind and re-
oxidize the reduced [4Fe-4S] cluster in OFOR, at two different steps of the catalytic 
cycle. 
 
Figure 4.1 Recapitulation of the reaction mechanism for OFOR. Dashed box 
highlights the TPP-radical formation and [4Fe-4S] cluster reduction step.  
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The one-cluster type OFOR therefore represents a minimal requirement for the 
catalytic machinery of OFORs. However, spectroscopic evidence for OFORs of the one-
cluster type and its intermediates during the catalytic cycle were lacking. Specifically, 
although the key step concerning the formation of C2α-hydroxylalkylidene TPP radical 
and the concomitant reduction of the [4Fe-4S] cluster (Figure 4.1, dashed box) has been 
reported for OFOR of the three-cluster type, there was no prior report for the one-cluster 
type (Furdui and Ragsdale, 2002; Pierce et al., 2010).  
The one-cluster type OFOR also represents a minimal unit for the protein 
architecture of OFORs. However, the structural studies of OFOR enzymes have been 
focused on the three-cluster type to date. DaPFOR is first of OFOR enzymes to be 
structurally characterized. It allows the first assignment of different functions to different 
domains (Chabriere et al., 1999). Snapshots of unreacted and partially reacted DaPFOR-
pyruvate complexes at different time points provide structural details of radical formation 
in the first half of the catalytic cycle (Cavazza et al., 2006). Recent studies on MtOOR 
further revealed an alternative mechanism for the second half of the catalytic cycle for 
OFOR, without the participation of CoA (Gibson et al., 2016a). For OFOR of the one-
cluster type, many questions exist. How does the lack of Domain V impact the overall 
architecture of OFOR? How does the lack of Domain V affect the environment of the 
[4Fe-4S] cluster? Structural characterization of OFOR of the one-cluster type could 
provide insights on these questions.    
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HtOGOR studied in Chapter 2 belongs to the one-cluster type, and its function in 
the rTCA cycle is compelling from the standpoint of further studies. However, HtOGOR 
is unfit for structural studies because of low purification yield. Additional, the kinetic 
study of HtOGOR required high temperature (> 60 °C, see Chapter 2) which made it 
unsuitable for use in the coupled assay for CO2 reduction (see Chapter 3). The search for 
an HtOGOR analog that engages in CO2 reduction in a mesophilic organism led to the 
identification of the 2-oxoglutarate:ferredoxin oxidoreductase from Magnetococcus 
marinus MC-1 strain (MmOGOR, encoded by korA and korB with the locus tag of 
Mmc1_1749, 1750, Figure 4.2). HtOGOR and MmOGOR demonstrated high sequence 
similarity (48% sequence identity and 65% sequence similarity), and M. marinus MC-1 is 
a mesophilic microorganism, suggesting that the kinetic complications may not be as 
problematic. 	
 
Figure 4.2 The MmOGOR (korAB) gene and genome neighborhood. Each open 
reading frame is represented by an arrow indicating the direction of gene transcription 
Genes at the beginning and the end of each region and the gene of interest (in bold) are 
labeled with their locus tags above the arrows. Tentative gene names are denoted beneath 
the arrows, with question marks representing genes of unknown function. The locus tag is 
based on the complete and annotated genome of Magnotococcus marinus MC-1 strain 
(GenBank accession number: CP000471.1, Bazylinski et al, 2013).  The identities and 
function of genes/proteins are based on the annotated genome and BLASTP searches. A 
2 kb 4 kb 6 kb 8 kb 10 kb 12 kb
Mmc1_1749, 1750
korA korB
Mmc1_1741,1742
porA porB ? sucC sucD ? frdB frdA
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full list of all genes in this figure and the putative protein function can be found in Table 
4.1.  
 
Magnetococcus marinus MC-1 strain grows autotrophically with CO2 as the only 
carbon source and with sulfide or thiosulfate as the electron donors. Under this growth 
condition, M. marinus MC-1 strain operates rTCA cycle for CO2 fixation. The genes 
coding for OGOR (korA/B) were found in the same operon with enzymes known to be 
involved in the rTCA cycle, such as furmarate reductase (frdB/A) and succinyl-CoA 
synthase (sucC/D), a clear indication that MmOGOR is involved in the rTCA cycle and 
reduces CO2 in vivo (Figure 4.2) (Williams et al., 2006; Bazylinski et al., 2013). 
Furthermore, Magnetococcus marinus MC-1 strain has an optimal growth temperature at 
24-26 °C so the enzyme should be fully active at the assay conditions of this study (30 
°C) (Bazylinski et al., 2013). Therefore, MmOGOR appeared to be an excellent 
alternative for the biochemical and biophysical study of OFORs of the one-cluster type 
(this Chapter), as well as the study of CO2 reduction kinetics catalyzed by OFOR (see 
Chapter 5).  	
Table 4.1 The MmOGOR gene (korAB) and genome neighborhood 
 
Locus Tag 
  
 
Gene 
 
Protein/Function  
 
MmOGOR (Mmc1_1749, 1750) 
 
Mmc1_1741 porA Pyruvate:ferredoxin oxidoreductase alpha subunit  
Mmc1_1742 porB Pyruvate:ferredoxin oxidoreductase beta subunit  
Mmc1_1743 ? Hypothetic protein  
Mmc1_1744 ? Hypothetic protein  
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Mmc1_1745 frdB Fumarate reductase/succinate dehydrogenase FeS 
subunit  
Mmc1_1746 frdA Fumarate reductase/succinate dehydrogenase FAD-
binding subunit  
Mmc1_1747 sucC Succinyl-CoA synthase beta subunit  
Mmc1_1748 sucD Succinyl-CoA synthase alpha subunit  
Mmc1_1749 korA 2-oxoglutarate:ferredoxin oxidoreductase alpha 
subunit 
Mmc1_1750 korB 2-oxoglutarate:ferredoxin oxidoreductase beta 
subunit 	
In this chapter, MmOGOR will be characterized for its kinetic and spectroscopic 
properties as a model for the one-cluster type OFOR. Specifically, the radical formation 
and the [4Fe-4S] cluster reduction steps of the catalytic cycle will be studied by UV-vis 
and EPR spectroscopies. Additionally, together with collaborators from the Drennan 
group at Massachusetts Institute of Technology, the first structural study on an OFOR 
that is both a one-cluster type and a CO2 reducer has been carried out.  	
4.2 MATERIALS AND METHODS 	
4.2.1 Plasmids construction 
The sequences of genes encoding MmOGOR (locus tag: Mmc1_1749, 
Mmc1_1750) were codon-optimized for E. coli and the corresponding oligonucleotides 
were synthesized as a single oligonucleotide with a ribosomal binding-site sequence 
(AAGGAGA) between the two genes (GenScript). This oligonucleotide was inserted in 
pE-SUMOpro vector (LifeSensors) linearized with BsaI. This construct contains an N-
terminal 6×His tag followed by a SUMO domain that allows purification of tag-free 
proteins after digestion by SUMO protease.  
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Molecular variants of MmOGOR were created using QuikChange™ Lightning 
Site-Directed Mutagenesis Kit with primers listed in Table 4.1 (Invitrogen). All plasmid 
constructs were confirmed by Sanger DNA sequencing (Genewiz).   
 
Table 4.2 Plasmids and primers for creating MmOGOR molecular variants 
 
 
Name  
 
 
Mutations  
 
Template 
 
Primer sequence 5’-atcg-3’ 
pM01 I45Aα 
 
pESUMO_
MmOGOR 
Forward: 
TAAAACGTTCCCGGCGGAAGCTAAAGGCGGTTAT
GCGATG 
 Reverse: 
CATCGCATAACCGCCTTTAGCTTCCGCCGGGAAC
GTTTTA 
pM02 T210Sβ 
/F211Aβ 
 
pESUMO_
MmOGOR 
Forward: 
GAACATTTTTAGCCAATGTCCGTCGGCCAATAAA
ATCGATACCGTGGAC 
 Reverse: 
GTCCACGGTATCGATTTTATTGGCCGACGGACAT
TGGCTAAAAATGTTC 
pM03 I45Aα/T2
10Sβ/F21
1Aβ 
pM01 Forward: 
GAACATTTTTAGCCAATGTCCGTCGGCCAATAAA
ATCGATACCGTGGAC 
   Reverse: 
GTCCACGGTATCGATTTTATTGGCCGACGGACAT
TGGCTAAAAATGTTC 
pM04 F211Wβ pESUMO_
MmOGOR 
Forward: 
TTTTTAGCCAATGTCCGACGTGGAATAAAATCGA
TACCGTGGAC 
  Reverse: 
GTCCACGGTATCGATTTTATTCCACGTCGGACAT
TGGCTAAAAA 
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4.2.2 Protein expression and purification 
The plasmids were separately transformed into E. coli BL21(DE3) ΔiscR cells 
(gift from Professor Patrik R. Jones from Imperial College London). The transformed 
cells were selected on LB-agar plates with 50 μg/mL ampicillin. For the starter culture a 
single colony was inoculated into 10 mL LB and grown at 37 °C, overnight. The 10-mL 
starter culture was then inoculated into 1 L 2×YT media and grown at 37 °C with shaking 
at 200 rpm until OD600 reached 0.6. The growth temperature and the shaking rate were 
then decreased to 21 °C and 100 rpm. To induce protein expression, a final concentration 
of 10 μM IPTG (GoldBio) was added. To ensure cofactor loading for MmOGOR, the 
growth media were supplemented with 1 mM ammonium ferrous sulfate (Sigma), 500 
μM thiamine chloride and 500 μM thiamine pyrophosphate. Cells were harvested by 
centrifugation (6,000g, 10 min, 4 °C) after 16 hr. Cell pellets were flash frozen in liquid 
nitrogen and saved in -20 °C freezer before use.  
Purification of MmOGOR was carried out under anaerobic conditions in the Coy 
chamber (Coy Laboratory). All buffers were made anaerobic based on a reported 
procedure (Lanz et al., 2012).  Cell pellets from 1 L growth were suspended in 30 mL 
Buffer A (50 mM HEPES pH 8.0, 100 mM NaCl, 20 mM imidazole, 1 mM MgCl2, 10% 
glycerol (v/v)), supplemented with 1 mM thiamine pyrophosphate, 1 mM 
phenylmethylsulfonyl fluoride (PMSF), 1 mg/mL lysozyme and 1 μg/mL DNase. The 
suspension was incubated on ice for 30 min before 6 rounds of 10 sec sonication at 20% 
amplitude and a duty cycle of 70% and cell debris was removed by centrifugation 
(15,000 g, 30 min, 4 °C). The supernatant was collected and loaded on a Ni-Sepharose 
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column pre-equilibrated with Buffer A. The column was further washed with 5 column 
volume (CV) of Buffer A, and eluted with 3 CV of Buffer B (same as Buffer A, 200 mM 
imidazole). The eluant was concentrated by Amicon ultra centrifugal filters (50 kD cut-
off, EMD Millipore) and buffer-exchanged to Buffer C (same as Buffer A, 0 mM 
imidazole) with a desalting PD-10 column (GE Healthcare). The resulted protein was 
incubated with 2 mg SUMO protease (provided by Percival Yang-Ting Chen from 
Massachusetts Institute of Technology) at room temperature for 48 hours and further 
loaded on a second Ni column pre-equilibrated with Buffer C, to remove the 6×His-
SUMO tag and SUMO protease. The flow-through volume was collected and 
concentrated or further buffer-exchanged to Buffer D (20 mM HEPES, 1 mM MgCl2, pH 
8.0) for crystallographic studies. Protein purity was verified by SDS-PAGE with 12.5% 
acrylamide Tris-HCl gels to be > 95% and the protein concentration was determined by 
Bradford assay (Bio-Rad) with BSA as the standard. The final protein was concentrated, 
flash frozen and stored in liquid nitrogen. The iron content was checked by ferrozine-
based colorimetric assay (Carter, 1971). 
Molecular variants of MmOGOR were purified with the same procedure and were 
further reconstituted under anaerobic condition to ensure [4Fe-4S] cluster loading. 
Proteins were treated with 5 mM DTT for 10 min, and 1 molar equivalent of ammonium 
ferrous sulfate and sodium sulfide were added in 5 aliquots over the course of 1 hr. The 
mixtures were incubated on cold beads for 1 hr before buffer-exchanged into the storage 
buffer (Buffer C) using PD-10 columns. The final protein was concentrated, flash frozen 
and stored in liquid nitrogen.  
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4.2.3 Enzyme activity assay  
The activity of MmOGOR was checked for each batch of purification, at the 2-
oxoglutarate oxidation direction using methyl viologen (MV) as the electron acceptor. 
The assay was carried out at pH 7.0 (Multicomponent Buffer A, 10 mM MES, MOPS, 
TAPS, CHES and CAPS) at 30 °C in a 1 mL anaerobic quartz cuvette. The standard 
assay mixture comprises 10 mM 2-oxoglutarate, 5 mM DTT, 2 mM MV, 200 µM CoA 
and 100 nM MmOGOR. The amount of 2-oxoglutarate and CoA were varied in the assay 
to obtain their respective KM values. To compare the apparent KM for 2-oxoglutate at 
different conditions, the assay was also carried at pH 8.5 (50 mM TAPS) and pH 7.5 (50 
mM HEPES) at 30 °C and pH 7.5 (50 mM HEPES) at 25 °C. The pH dependence of the 
enzyme activity was assessed in Multicomponent Buffer A, which was titrated at 
different pH values ranging from 5.0 to 11.0. The assay mixture was purged with argon 
for 5 min before the addition of MmOGOR, and the reaction was initiated with addition 
of CoA. The change of absorbance at 604 nm was monitored as MV being reduced (ε604= 
13.6 mM-1 cm-1).  
To evaluate the substrate specificity of MmOGOR, a series of 2-oxoacids were 
used as the substrates at 20 mM in the pH 8.5 buffer (50 mM TAPS), including 2-
oxoglutarate-like (2-oxoadipate, oxaloacetate) and pyruvate-like (glyoxylate, pyruvate, 2-
oxobutyrate, 2-oxoisovalerate, 3-methyl-2-oxovalerate, phenylpyruvate) acids. 
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The activities of MmOGOR molecular variants were carried out the same way as 
the wild type MmOGOR, at pH 8.5 (50 mM TAPS), with either MV or benzyl viologen 
(BV) as the electron acceptor (BV, ε600= 10.0 mM-1 cm-1, Fraisse and Simon, 1988). 
 
4.2.4 UV-visible Spectroscopy 
UV-visible absorption spectra of MmOGOR were recorded in anaerobic quartz 
cuvettes (1 cm optic path) under argon with a Cary 50 spectrophotometer. Reagents (2-
oxoglutarate, CoA) were prepared anaerobically and injected into the cuvette from air-
tight syringes.  
 
4.2.5 Electron paramagnetic resonance (EPR) spectroscopy 
All samples were prepared with quartz EPR tubes under anaerobic condition in 
the Coy chamber and flash frozen in liquid nitrogen. EPR spectra were recorded on a 
Brucker ELEXSYS E-500 continuous wave spectrometer, and an Oxford Instruments 
ESR900 continuous flow liquid helium cryostat. The detection of TPP-based radical was 
performed at 52 K and the detection of reduced [4Fe-4S] cluster was performed at 15 K. 
For spin quantification, Cu-EDTA (1mM CuSO4, 10 mM EDTA, pH 8.0) was used as the 
standard (Randolph, 1972). Power saturation analysis was performed to ensure spin 
quantification was done at non-saturating conditions.  
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4.2.6 X-ray crystallography  
The structural study of MmOGOR was carried out by Percival Yang-Ting Chen 
from the Drennan lab at Massachusetts Institute of Technology. Experimental details for 
crystallization and data processing were performed by our collaborators and thus omitted 
here. Data were collected at the Advanced Photon Source on Northeastern Collaborative 
Access Team beamline 24-ID-C on a Pilatus 6MF detector. All structure figures were 
visualized by PyMOL.  
The surface charge distribution of MmOGOR was calculated by APBS (Adaptive  
Poisson-Boltzmann Solver) and visualized by PyMOL (Baker et al., 2001). The .pqr file 
of MmOGOR was generated from the .pdb file using the PDB2PQR server hosted at 
University of California, San Diego (http://nbcr-222.ucsd.edu/pdb2pqr_2.1.1/) (Dolinsky 
et al., 2004; Sitkoff et al., 1994). 
 
4.3. RESULTS 	
4.3.1 Purification of MmOGOR 
Recombinant expression and purification of MmOGOR using the SUMO-tag 
strategy resulted in a tag-free version of MmOGOR (Figure 4.3A) (Malakhov et al., 
2004). ~3 g cell pellets (wet weight) from 1 L cell growth typically yielded ~10 mg 
MmOGOR. Iron assay showed a typical value of 3.6 ± 0.2 Fe per one KorAB unit. As 
purified, MmOGOR displayed a broad UV-vis absorption band at ca. 400nm, with a ratio 
of A400/A280= 0.17 (Figure 4.2B, solid line). Under the experimental conditions, this 
absorption feature could not be bleached by the addition of dithionite (up to 50 mM) but 
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was bleached by the addition of both of substrates, 2-oxoglutarate and CoA (Figure 1A, 
dashed blue line). 
 
 
Figure 4.3 Purification of MmOGOR and protein UV-vis absorption feature. (A) 
SDS-PAGE visualization of MmOGOR at different stages of purification. Lane 1, 
Precision Plus Protein™ All Blue Prestained protein standard (Bio-Rad). Lane 2, Tagged 
MmOGOR after first Ni column and concentrated (prior steps not shown), tagged KorA 
has a theoretical molecular weight (M.W.) of 74 kD. KorB is not tagged, with a 
theoretical M.W. of 32 kD. Lane 3.  Tagged MmOGOR digested by SUMO-Protease. 
Tag-free KorA has a theoretical M.W. of 62 kD. The 6xHis-SUMO tag has a theoretical 
M.W. of 12 kD but runs between 15 and 20 kD, as confirmed in the manufacturer’s 
manual. Lane 4. The tag and SUMO-protease were removed from a second Ni-column 
step, leaving only tag-free KorA and KorB.  (B) The UV-vis absorption features of 
MmOGOR (5 µM, solid line) upon addition of substrates (addition of 5 mM 2-
oxoglutarate, dotted red line; and addition of 0.1 mM CoA after 2-oxoglutarate addition, 
dashed blue line). 
 
4.3.2 The kinetic properties of MmOGOR 
The enzyme activity for 2-oxoglutarate oxidation was pH-dependent with the 
maximum activity observed between pH 8.5 and 10.5 (Figure 4.4C). At pH 8.5, the 
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enzyme activity was fitted to a kcat of 1820 min-1 with an apparent KM for 2-oxoglutarate 
at 4.4 mM (Table 4.3). The kcat and specific activity (measured at 20 mM 2-oxoglutarate) 
of MmOGOR are similar to previously reported OFORs (Table 4.4). This confirms that 
the expression and purification strategy in this work can produce fully active MmOGOR.  
 
 
 
Figure 4.4 Kinetic properties of MmOGOR. (A) MmOGOR activity at the 2-
oxoglutarate oxidation direction at different 2-oxoglutarate concentrations, measured at 
different buffer conditions, in 50 mM TAPS buffer (pH 8.5), 50 mM HEPES (pH 7.5) or 
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10 mM MES/MOPS/TAPS/CHES/CAPS (pH 7.0), at 30 or 25 °C. (B) MmOGOR 
activity at the 2-oxoglutarate oxidation direction (with 20 mM 2-oxoglutarate), at 
different CoA concentrations, measured in 50 mM TAPS buffer (pH 8.5) or 10 mM 
MES/MOPS/TAPS/CHES/CAPS buffer (pH 7.0). (C) Dependence of MmOGOR activity 
on buffer pH, at the 2-oxoglutarate oxidation direction, measured at 10 mM 2-
oxoglutarate concentration. 10 mM MES/MOPS/TAPS/CHES/CAPS (pH 5.0 ~ 11.0).  
 
Table 4.3 The kinetic properties of MmOGOR 
 
Substrates 
 
 
kcat (min-1) 
 
KM (µM) 
 
kcat/KM (s-1 M-1) 
 
 
Buffer pH  
2-oxoglutarate 1820  4400 6.9 × 104 8.5 
1080 2100 8.6 × 104 7.5a 
 730 1540 7.9 × 104 7.5b 
 650 970 1.1 × 105 7.0 
Coenzyme A 1480 6.8  3.6 × 106 8.5 
670 10 1.1 × 106 7.0 
a. At 30 °C 
b. At 25 °C 
 
Table 4.4 Activity of OFORs in 2-oxoacid oxidation 
 
Organism 
 
 
Enzyme  
 
kcat (min-1)  
 
Specific 
activity 
(U mg-1)a 
 
Reference  
Desulfovibrio 
africanus 
PFOR  4810 / Pieulle et al., 1995 
Moorella 
thermoacetica 
PFOR 1680 / Furdui and 
Ragsdale, 2000 
Pyrococcus furiosus PFOR / 21.0  Blamey and 
Adams, 2003 
Sulfolobus tokadaii OFOR / 7.5 Yan et al., 2016 
Moorella 
thermoacetica 
OOR / 0.11 Pierce et al., 2010 
Pyrococcus furiosus IOR / 35.2 Mai and Adams, 
1994 
Thermococcus litoralis VOR / 46 Heider et al., 1996 
Hydrogenobacter 
thermophilus 
OGOR 
(ForABDGE) 
/ 3.6 Yamamoto et al., 
2003 
OGOR / 35  
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(KorAB)  
Thermococcus litoralis OGOR / 25.8 Mai and Adams, 
1996 
Thauera aromatica OGOR  / 4.8 Dorner and Boll, 
2002 
Magnetococcus 
marinus MC-1 
OGOR 1820b 15.9c This work 
a. 1 U is defined as oxidation of 1 µM 2-oxoacid substrates in 1 min 
b. kcat was obtained by fitting the Michaelis-Menten equation, at pH 8.5 
c. Value at 20 mM 2-oxoglutarate, at pH 8.5  
 
The oxidation of 2-oxoglutarate is favored at the alkaline condition, similar to 
other OFORs (from pH 7.5 to 9.0), but MmOGOR maintains high activity even beyond 
pH 9.0, which has not been observed for other enzymes in this family (Table 4.5). 
Because the pKa values for 2-oxoglutarate are 2.35 and 4.85, the fully deprotonated form 
would be the substrate at optimal pH (Weast, 1988).  
 
Table 4.5 The pH dependence of OFOR activity in 2-oxoacid oxidation 
 
Organism 
   
 
Enzyme  
 
Substrate  
 
Optimal 
pH  
 
Reference 
Halobacterium 
halobium 
PFOR Pyruvate  9.0  Kerscher and 
Oesterfelt, 1981 
Pyrococcus 
furiosus  
PFOR Pyruvate  8.0 Blamey and 
Adams, 1993 
Desulfovibrio 
africanus 
PFOR  Pyruvate  9.0 Pieulle et al., 1995 
Aeropyrum pernix 
K1 
OFORs  
(2 isoforms) 
Pyruvate 8.5, 9.0 Nishizawa et al., 
2005 
Moorella 
thermoacetica  
OOR Oxalate 8.7  Pierce et al., 2010 
Thermococcus 
litoralis 
OGOR 2-oxoglutarate 8.0 Mai and Adams, 
1996 
Thauera aromatica OGOR  2-oxoglutarate 8.3 Dorner and Boll, 
2002 
Hydrogenobacter OGOR 2-oxoglutarate 8.7 Yamamoto et al., 
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thermophilus (ForABDGE) 2003 
 OGOR 
(KorAB) 
2-oxoglutarate 7.7 
 
 
Sulfolobus 
solfataricus P1 
OFOR 2-oxoglutarate  7.0-8.0 Park et al., 2006 
Magnetococcus 
marinus MC-1 
OGOR 2-oxoglutarate 8.5-10.5 This work 
 
When tested with a series of 2-oxoacid substrates (at 20 mM, pH 8.5), MmOGOR 
demonstrated substrate specificity towards 2-oxoglutarate, while the activity with the 2-
oxoglutarate-like (2-oxoadipate, oxaloacetate) or the pyruvate-like (glyoxylate, pyruvate, 
2-oxobutyrate, 2-oxoisovalerate, 3-methyl-2-oxovalerate, phenylpyruvate) substrates 
were negligible (Table 4.6).  
 
Table 4.6 Activity of MmOGOR toward 2-oxoacid substrates 
 
2-oxoacid substratea 
 
 
Side group (R-) 
  
Relative activity (%)b 
2-oxoglutarate -CH2CH2-COO- 100 
2-oxoadipate -CH2CH2CH2-COO- ~ 0.01 
Oxaloacetate -CH2-COO- N.D. c 
Glyoxylate  -H N.D. c  
Pyruvate -CH3 N.D. c 
2-oxobutyrate  -CH2CH3 N.D. c 
2-oxoisovalerate -CH(CH3)2 N.D. c 
3-methyl-2-oxovalerate -CH(CH3)-CH2CH3 ~ 0.01 
Phenylpyruvate 
 
~ 0.01 
a. All substrates were used at 20 mM, in pH 8.5 buffer. 
b. Relatively activity is the activity of MmOGOR measured with 2-oxoacid substrates 
divided by the activity measured with 2-oxolutarate 
c. N.D. no detectable activity over 5 min, or with a relative activity lower than 0.01% 
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Notably, despite the high substrate specificity, MmOGOR exhibited a high 
apparent KM towards 2-oxoglutarate. At pH 8.5, the apparent KM was 4400 µM, and it 
decreased to 2100 and 1540 µM at pH 7.5 (at 30 or 25 °C, respectively) and dropped to 
970 µM at pH 7.0 (Figure 4.4A and Table 4.3). The high KM values are probably an 
indication that the physiological role of MmOGOR is a 2-oxoglutarate synthase and 2-
oxoglutarate is the product of the reaction in vivo. Because the oxidation of 2-
oxoglutarate is favored at alkaline pHs, the higher KM values at higher pH restrict the 
back reaction (2-oxoglutarate oxidation). This observation is in agreement with other 
previously characterized OGORs. OGORs (both the KorAB and the ForDABGE types) 
from Hydrogenobacter thermophilus, which are involved in the rTCA cycle and reduce 
CO2, exhibit KM values of 1400 µM and 2900 µM towards 2-oxoglutarate, on the other 
hand, an OGOR from Thauera aromatica, which breaks down 2-oxoglutarate and 
generates electrons for aromatic ring reduction, has a KM of 110 µM (Dorner and Boll, 
2002; Yamamoto et al., 2010).  
Different from the pH-dependence of KM towards 2-oxoglutarate, the apparent KM 
values for CoA showed less variation at different pH values (Figure 4.4B and Table 4.3).   
 
4.3.3 UV-vis spectroscopy 
When MmOGOR was incubated with 2-oxoglutarate, a new absorption feature 
arose around 370 nm in the UV-vis spectra, indicative of thiamine pyrophosphate-based 
radical formation (Figure 4.5A and inset, solid lines) (Kerscher and Oesterhelt, 1981b).  
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Figure 4.5 The UV-vis spectra of MmOGOR upon substrates addition. (A) 5 µM 
MmOGOR (red dashed line) incubated with 2-oxoglutarate (5 mM) at room temperature 
for 15 min. The spectra were collected every min after the addition of 2-
oxoglutarate. Inset, a zoomed view of the spectra, with the background absorbance of 2-
oxoglutarate subtracted. The orange arrow indicates the increase of absorbance ca. 370 
nm. (B) 2-oxoglutarate treated MmOGOR (solid black line) was further incubated with 
0.1 mM CoA for 5 min and the spectra were collected every min after CoA 
addition. Inset, a zoomed view of the spectra change with the background absorbance of 
2-oxoglutarate and CoA subtracted. The blue arrow indicates the decrease of absorbance 
ca. 400 nm (with the maximum change at 425 nm). 
 
When CoA was added to 2-oxoglutarate-pretreated MmOGOR, the UV-vis 
absorption around 370 nm and the broad absorption at 400 nm decreased (Figure 4.5B 
and inset, colored lines), suggesting disappearance of the radical species and reduction of 
the [4Fe-4S] cluster. 
 
4.3.4 EPR spectroscopy  
The radical formation and [4Fe-4S] cluster reduction observed in the UV-vis 
spectra was further studied by EPR spectroscopy in a similar way: MmOGOR was first 
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treated with 2-oxoglutarate and then treated with CoA. Figure 4.6A illustrated the 
formation of a TPP-based radical over time (g=2.010), detected at ~52 K (spectra 
collected at 10 µW microwave power).  
 
Figure 4.6 EPR spectra of MmOGOR treated with 2-oxoglutarate. (A) 70 µM 
MmOGOR (concentration based on a protomer) was incubated with 20 mM 2-
oxoglutarate at room temperature for 30 sec, 2 min, 5 min, 10 min and 60 min. 
Experimental conditions: temperature, 52 K; microwave frequency, 9.386 GHz; 
microwave power, 10 µW; modulation amplitude, 0.2 mT. The orange arrow indicates 
the increase of signal intensity over time. (B) Time-dependent formation of radical 
species. Note the spin quantification was done at non-saturating condition, 1 µW. The 
original spectra are not shown.  
 
The power saturation curve was determined for the radical and it was found out 
the radical signal started to saturate above 1 µW at 52 K. Spin quantification on the 
spectrum collected at 1 µW using 1 mM Cu-EDTA as the standard showed, at 30 sec 
after incubation, there was about 4.2 µM radical in the sample, about 0.06 spins per a 
protomer unit (KorAB) of MmOGOR was generated (the spin number was calculated 
from the amount of radical detected by EPR divided by the total amount of protein in the 
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EPR tube). The radical signal increased steadily to 0.09, 0.12, 0.16 at 2 min, 5 min and 10 
min respectively, and reached 0.25 spins per a KorAB unit at 1 hr (Figure 4.6B).  
Meanwhile, features of [4Fe-4S]+ (S=1/2) were also detected in the 2-
oxoglutarate-treated MmOGOR sample, at ~15 K (g=2.049, 1.938). A third feature 
typical of a [4Fe-4S]+ was lacking probably due to its low intensity (Figure 4.7A, blue 
and green dashed lines indicate the positions where g-values were obtained). At this 
temperature, the signal for the TPP-based radical was also present (g=2.010, Figure 4.7A, 
indicated by the dashed magenta line). The coexistence of EPR features for the reduced 
[4Fe-4S] cluster and the TPP-based radical have not been reported in the previous studies 
of one-cluster OFORs (Cammack et al., 1980; Yan et al., 2014; Zhang et al., 1996). This 
is probably because the radical signal is usually very intense which dominates the whole 
spectra and masks the weak signal of the reduced [4Fe-4S] cluster (Zhang et al., 1996). In 
this study, power saturation curves were determined for the radical and the reduced [4Fe-
4S] cluster respectively. The radical signal started to saturate above 1 µW at 52 K and the 
reduced [4Fe-4S] started to saturate above 1 mW at 15 K. Under the experimental 
conditions (0.1-4 mW), the radical signal was saturated, allowing the observation of the 
reduced [4Fe-4S] cluster signal (Figure 4.7A, the microwave power increases from the 
bottom panel to the top panel).  
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Figure 4.7 EPR spectra of MmOGOR treated with 2-oxoglutarate and CoA. (A) 70 
µM MmOGOR (based on a protomer) was incubated with 20 mM 2-oxoglutarate at room 
temperature for 30 sec. Experimental conditions: temperature, 15 K; microwave 
frequency, 9.384 GHz; microwave power, 0.1-4 mW; modulation amplitude, 0.5 mT and 
receiver gain, 60 dB. Dashed lines indicate positions where g-values were obtained. (B)-
(C) MmOGOR pretreated with 20 mM 2-oxoglutarate was further treated with 1 mM 
CoA for 10 sec. (B) Experiment condition is the same as A, with microwave power at 4 
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mW. (C) Experiment condition: temperature, 52 K; microwave frequency, 9.384 GHz; 
microwave power, 10 µW; modulation amplitude, 0.2 mT and receiver gain, 60 dB. 
 
Based on spin quantification results using the spectrum collected at 1 mW, there 
were approximately 0.02 spins for [4Fe-4S]+ per KorAB unit at 30 sec, compared to 0.06 
spins for the radical. It has been suggested that the reduced [4Fe-4S] clusters in OFORs 
and CODHs exhibited hydrogenase activity in the absence of their native electron 
acceptors. In MtPFOR, this hydrogenase activity is 0.3 s-1, compared to an activity of 33 
s-1 with methyl viologen as the electron acceptor. This hydrogenase activity is considered 
a “relief valve” that prevents the formation of harmful radicals at the reduced metal 
center (Menon and Ragsdale, 1996). Therefore, the lower spin number for [4Fe-4S]+ in 
our experiment could arise from the reduced cluster being re-oxidized by protons. 
Although the ratio of the radical and [4Fe-4S]+ was not exactly 1:1, the result provided 
some evidence that the formation of radical and the reduction of [4Fe-4S] cluster was a 
concomitant process. UV-vis study did not detect the trace amount of [4Fe-4S]+ probably 
due to its low intensity and the interference of the radical signal at 370 nm (Figure 4.5A).   
The MmOGOR sample pretreated with 2-oxoglutarate for 30 sec was further 
incubated with CoA for 10 sec. With CoA addition, the signal for [4Fe-4S]+ became more 
intense with a slight shift (g=2.052, 1.940), and a third feature appeared (g=1.863) after 
CoA addition (Figure 4.7B, labels in red). Meanwhile, the radical signal intensity 
decreased (Figure 4.7 B and C). Minor features (g =1.958, 1.911) also arose likely due to 
the spin coupling between the radical and the reduced [4Fe-4S] cluster (Figure 4.7B, 
labels in purple). These observations are in agreement with the proposed mechanism as 
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the addition of CoA diminishes the TPP radical and completes the second electron-
transfer step (Figure 4.1, steps from 4 to 5).  
The spin number for the radical dropped from 0.06 to 0.03 after CoA addition 
(Figure 4.7C) and the spin number for [4Fe-4S]+ increased from 0.02 to 0.06 (Figure 
4.7B). However, even though the sample was prepared in the absence of a Fd as the 
electron acceptor, these changes could not be interpreted as occurring within a single 
turnover event because of the aforementioned hydrogenase activity. In this sense, protons 
could be factored in the place of the Fd in the reaction mechanism for one-cluster type 
OFORs (Figure 4.1, step from 4 to 5a, and step from 6 to 1). Essentially, when both 
substrates (2-oxoglutarate and CoA) are added to MmOGOR, there is a (slow) multiple-
turnover event, with protons as the electron acceptor. Once the supply of protons is 
limited, electrons will be accumulated on the [4Fe-4S] cluster. This has also been 
observed in our experiment, where longer incubation time with CoA led to further 
increase of the [4Fe-4S]+ signal (data not shown).  
 
4.3.5 Preliminary structural analysis  
The structure of MmOGOR was determined at 1.94 Å resolution. Like other 
OFORs, the overall architecture of MmOGOR is a dimeric form ((αβ)2-3 type, Figure 
1.1, Chapter 1). Each protomer contains an α subunit (KorA) and a β subunit (KorB), 
which constitutes a complete set of the catalytic machinery: a TPP and a [4Fe-4S] cluster. 
Compared to other OFORs with three [4Fe-4S] clusters, MmOGOR lacks Domain V 
(Figure 4.8A, compare Figure 1.2 in Chapter 1). Despite the different domain 
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arrangements in terms of amino-acid sequence, the overall architecture and fold of all 
domains, Domain I (residue 198-460, α subunit), Domain II (residues 461-573, α 
subunit), Domain III (residues 2-197 α subunit) and Domain VI (residues 2-292, β 
subunit), are similar to those of other OFORs. Domain I binds the pyrimidine moiety of 
TPP and forms part of the dimer interface (Chabriere et al., 1999). Domain II is known as 
transketolase C-terminal (TKC) domain, which also forms part of the dimer interface 
(Costelloe et al., 2008). Domain III is the CoA-binding domain, with a typical GXXG 
motifs that is resembling the adenine recognition loop (Remington et al., 1982; Zhang et 
al., 1996). The CoA-binding function of Domain III was first structurally characterized in 
MtPFOR, by Percival Yang-Ting Chen from the Drennan lab at Massachusetts Institute 
of Technology, who carried out the crystallographic study of MmOGOR. Domain VI 
binds the pyrophosphate moiety of TPP and also comprises the only [4Fe-4S] cluster 
through an unusual [4Fe-4S] ligating motif, CXGCXnCXnCP. This iron-sulfur cluster is 
equivalent to the proximal cluster of three-cluster type OFORs. The distance between the 
cluster (edge) and the C2 position of TPP is 10.6 Å, similar to that of DaPFOR (11.5 Å, 
based on PDB: 2C3M) and MtOOR (10.8 Å, based on PDB: 5C4I) (Chariere et al., 1999; 
Gibson et al., 2015).  
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Figure 4.8 The crystal structure of MmOGOR. (A) The crystal structure of MmOGOR 
with color-coded domains. (B) The surface charge distribution of MmOGOR, color 
ramped from red to blue (negative to positive). 
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MmOGOR has a calculated pI of 5.62 (by ProtParam tool, 
https://web.expasy.org/protparam/). The surface charge distribution calculated by APBS 
suggested the surface of MmOGOR was mostly negatively charged (Figure 4.8B), with 
small patches of hydrophobic and positive charges. Notably, the positively charged 
patches are localized around the large binding pocket between Domain III and Domain 
VI. This could facilitate the binding of negatively charged Fds.  
 
4.3.6 The reduction potential of MmOGOR and its perturbation  
As discussed in Chapter 1, the presence of the iron-sulfur cluster(s) in OFOR 
allows the reaction to proceed through multiple one-electron redox steps. The reduction 
potential of the cluster(s) is thus important in governing the intramolecular electron-
transfer process (for example, the generation and decay of the TPP-based radical, 
electron-transfer between the clusters for three-cluster types). However, efforts to 
measure MmOGOR potential directly were not successful. The cyclic voltammetry 
method that worked for Fds did not work for MmOGOR under all experiment conditions 
attempted in this study, including different electrode materials and surface modifications 
(graphite, nanocarbon tubes, indium tin oxide), different co-adsorbants (neomycin, 
polymixin, polylysine) and different protein deposition methods (direct deposit and spin 
deposit). With square wave voltammetry, we were able to narrow down the potential 
range to -500 ~ -570 mV, but the electrochemical response was weak with a poor signal-
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to-noise ratio. This remains an area that needs further investigation. Alternatively, redox 
titration coupled with EPR spectroscopy measurements was impeded by the fact that 
MmOGOR is difficult to be reduced by chemical reductants. The problems with potential 
measurement indicated two features of the cluster in MmOGOR: low reduction potential 
and low solvent accessibility.   
There have been two previous studies characterizing the reduction potential of 
OFORs. DaPFOR, of the three-cluster type, was studied by redox titration coupled with 
EPR measurements, and the reduction potentials of the three clusters were determined to 
be -540, -515 and -390 mV (Pieulle et al., 1995). However, these values were not 
assigned to individual clusters. It is likely the terminal cluster is at -390 mV because it is 
more surface exposed and the interacting DaFdI exhibits a potential at -385 mV (see 
Chapter 2). This terminal cluster with relatively higher potential probably serves as an 
entry point for incoming electrons. The other report on OFOR cluster potential was on a 
one-cluster type OFOR from Sulfolobus tokodaii (StOFOR1). The reduction potential 
was determined electrochemically at -545 mV, close to the cluster with the lowest 
potential in DaPFOR (Yan et al., 2014, 2016).  
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Figure 4.9 Comparison of the crystal structures of MmOGOR and StOFOR1. (A) 
Superposition of MmOGOR and StOFOR1 (PDB:5B48, Yan et al., 2016). Green: 
MmOGOR. Olive: StOFOR1. (B) The environment of the [4Fe-4S] cluster and key 
amino-acid residues. The identity and numbering of the residues are based on MmOGOR. 
The residue from the α subunit is highlighted in magenta (MmOGOR) and in violet 
(StOFOR1). 
 
The crystal structure of StOFOR1 was recently reported, allowing its comparison 
with MmOGOR (Yan et al., 2016). Both of them are the one-cluster OFOR type with 
Domain V missing and with the same overall architecture and domain arragement. 
Superposition of StOFOR1 and MmOGOR resulted a RMSD of 1.4 Å. Although the 
cluster seemed very close to the surface from the overall structure, a closer examination 
identified many hydrophobic residues around the cluster, therefore restricting the solvent 
accessibility of the cluster (Figure 4.9). In MmOGOR, the most notable residue is I45α 
(in magenta) on a loop from Domain III, which was in close contact with Domain VI, 
possibly through hydrophobic interaction with F211β and the methyl group of T210β. In 
StOFOR1, the corresponding residues are I43α, Y200β and T199β. The three residues 
L135β
P27β
P209β
T210β
F211β
I45α
A B
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form a hydrophobic “cap” over the iron-sulfur cluster. The two prolines from the unusual 
CXGCXnCXnCP ligating motif, P27β (the X in CXGC) and P209β also form a 
hydrophobic patch around the cluster (P13β and P198β in StOFOR1). Other hydrophobic 
residues such as L135β and W25β (L123β and W11β in StOFOR1) are probably 
involved in the hydrophobic interaction network around the cluster, too (Figure 4.9B and 
Figure 4.10). Because of the similarity around the cluster environment, the reduction 
potential of the iron-sulfur cluster in MmOGOR is expected to be around -540 mV as 
well. This is similar to the value (-570 mV) estimated for another one-cluster type OFOR 
from Halobacterium halobium (Kerscher and Oesterhelt, 1981b). 
 
 
Figure 4.10 Key hydrophobic residues around the iron-sulfur cluster. (A) MmOGOR 
(this study). Residues are colored in green (β subunit) and magenta (α subunit). (B) 
StOFOR1 (PDB: 5B48). Residues are colored in olive (β subunit) and violet (α subunit). 
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To verify the effect of these hydrophobic residues, a few molecular variants of 
MmOGOR were created, with a focus on the hydrophobic “cap” constituted by I45α, 
T210β and F211β (Table 4.7). Because of the structural perturbation, these molecular 
variants showed different levels of cluster loss and needed to be chemically reconstituted 
after purification.  
In the initial attempt, these residues were replaced with residues with smaller 
side-chains (I45Aα, T210Sβ and F211Aβ). The reduction potential of the cluster was 
expected to be higher because of the increased solvent accessibility. The effect was most 
apparent in the single mutation on the α chain. The activity of molecular variant M01 
(I45Aα) seemed to have diminished when MV was used as the electron acceptor, but full 
activity was restored when BV was used as the electron acceptor (Table 4.7, compare 
with the wild type). Because MV has a reduction potential of -444 mV and BV has a 
reduction potential of -360 mV (Fraisse and Simon, 1988), the difference in M01 activity 
suggested the molecular variant was active at the active site but the cluster potential was 
raised. The cluster with a higher potential could reduce BV but not MV.  
In a similar effort made in Chapter 3 we compared MmOGOR and M01 (the 
I45Aα molecular variant) for possible increased solvent accessibility using VOIDOO to 
calculate potential cavities. Preliminary analysis showed the volume of a cavity near the 
[4Fe-4S] cluster increased from 9.6 to 11.3 Å3 in the I45Aα molecular variant (Cavity 3 
in both MmOGOR and M01, see Appendix 7). This is in agreement with the hypothesis 
that reducing the side-chain size of hydrophobic residues around the cluster creates more 
solvent exposure (larger cavities) and therefore raising the cluster potential. Future 
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experiments in the direct measurement of the cluster potential and the cavity analysis on 
the actual crystal structures of the molecular variant(s) could help provide further 
evidence for this hypothesis.  
 
Table 4.7 The activity of MmOGOR molecular variants 
  
Name 
  
 
Mutations 
 
Activity MV (min-1) 
 
Activity BV (min-1) 
MmOGOR Wild type  1250 ± 25 1330 ± 34 
M01 I45Aα  8.6 ± 0.4 2033 ± 206 
M02 T210Sβ/F211Aβ N.D.a 19.0 ± 1.1 
M03 I45Aα/T210Sβ/F211Aβ 57.2 ± 2.1 90.2 ± 2.7 
M04 F211Wβ 22.9 ± 0.4  1668 ± 79  
a. N.D. no activity determined within 5 min. 
Besides the I45Aα molecular variant, double and triple mutations were also made 
to assess the role of hydrophobic residues in maintaining the cluster potential. 
Unfortunately, the double mutations on the β subunit were too drastic and probably had 
disrupted the protein structure. Molecular variants containing the double mutation (M02 
and M03) both exhibited poor activity when either MV or BV was used as the electron 
acceptor. Future site-directed mutagenesis study on these two residues should focus on 
single amino-acid substitutions. 
A further mutation made with the intent to achieve the opposite effect from that 
seen in M01 generated unexpected results. The F211Wβ mutation (M04) was aimed to 
lower the cluster potential by increasing the side-chain size and therefore restricting 
solvent accessibility. However, the activity of this molecular variant displayed the similar 
pattern as M01 (I45Aα), indicating the cluster potential is raised not lowered. This 
suggests the native hydrophobic environment was disrupted by inserting a residue with a 
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larger side-chain. Overall, the mutagenesis study confirmed the importance of the three 
hydrophobic residues in determining the low potential of the cluster.  
 
4.3.7 Conformational change of MmOGOR with substrates bound 
Another finding through structural study of MmOGOR is that of a conformation 
change upon substrates binding. The crystal structure of MmOGOR with 2-oxoglutarate 
and CoA bound was determined to 2.80 Å resolution (Figure 4.11A, violet). Interestingly, 
the two TPP active sites did not behave the same way. At one site, the 2-oxoglutarate and 
CoA remained intact and the conformation stayed the same as the state with no substrates 
bound. At the other, the electron density suggested the existence of the reaction product, 
succinyl-CoA and there was a large conformation change of Domain III. It moved 
towards Domain VI by ~6 Å (Figure 4.11A).  
 
Figure 4.11 Comparison of MmOGOR with or without substrates bound. (A) 
Superposition of structures of MmOGOR, crystalized in the absence of substrate (green) 
or in the presence of both 2-oxoglutarate and CoA (violet). The violet arrow indicates the 
conformation change of Domain III. (B) A closer examination of the iron-sulfur cluster 
A B
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environment. Residues with large conformation change were highlighted and labelled. 
The violet arrow indicates the movement of the loop from Domain III.  
 
The conformational change of Domain III affects the environment of the proximal 
[4Fe-4S] cluster as well.  The loop from Domain III that is interacting with Domain VI 
moves closer towards the active site (indicated by the violet arrow). This movement is 
most apparent in the orientation and position change of A43α (Figure 4.11B). 
Furthermore, in the resting state (no substrate bound), E44α forms a hydrogen bonding 
with R63β, with a distance of 3.6 Å between the carbonyl oxygen of the glutamic acid 
and the guanidino nitrogen of the arginine. Upon substrates binding, the distance is 
shortened to 3.2 Å and the conformations of both amino-acids change significantly 
(Figure 4.11B). How these changes impact the electron-transfer between the TPP active 
site and the iron-sulfur cluster remain unclear at this moment.   
 
4.4 DISCUSSION 	
OFOR catalyzed 2-oxoacid oxidation is overall, a two-electron process. This 
could also be viewed as the iron-sulfur cluster(s) being reduced twice during a catalytic 
cycle. The first reduction is during the formation of TPP-based radical and the second 
comes after CoA binding (Figure 4.1). For OFORs with three iron-sulfur clusters, the 
enzyme itself could carry the two electrons before an external electron acceptor binds and 
re-oxidizes the iron-sulfur cluster for the next catalytic cycle. For OFOR with only one 
[4Fe-4S] cluster, Fd is required to bind and re-oxidize the cluster after the cluster is 
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reduced for the first time. After the [4Fe-4S] cluster is re-oxidized, a second electron-
transfer step could happen upon CoA addition, allowing the reduction of the cluster for a 
second time. In the UV-vis and EPR study on MmOGOR, the first electron-transfer step 
was well captured. For the first time, the spectroscopic evidence that showed the 
formation of the TPP-based radical and the reduction of [4Fe-4S] cluster was obtained. 
Selecting appropriate experimental temperature and microwave power was essential to 
minimize the interference of the radical signal and maximize the signal intensity of [4Fe-
4S]+.  
On the other hand, the UV-vis and EPR spectra of MmOGOR reduced by both 
substrates initially presented a conundrum for interpretation. Specifically, the EPR 
spectrum clearly suggested the presence of [4Fe-4S]+ and a “super-reduced” [4Fe-4S]0 is 
unlikely as it has only been observed for the iron protein of nitrogenases (Angove et al., 
1997; Watt and Reddy, 1994). Because Fd is absent in these spectroscopic studies, it is 
unclear where the first electron moves after CoA addition. The discovery of hydrogenase 
activity for the reduced [4Fe-4S] clusters in OFORs and CODHs provides a probable 
mechanism of [4Fe-4S]+ re-oxidization in the absence of a native electron acceptor 
(Menon and Ragsdale, 1996). Additionally, previous studies on one-cluster type OFORs 
from Halobacterium halobium showed trace amounts of molecular oxygen in the sample 
buffer could serve as the external electron acceptor in the absence of Fd as well 
(Cammack et al., 1980; Kerscher and Oesterhelt, 1981b). In either case, with excessive 
amount of 2-oxoacid and CoA present, multiple turnovers would proceed until protons or 
oxygen in the buffer become limited and electrons will eventually accumulate on the 
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[4Fe-4S] clusters. This side reaction of a reduced [4Fe-4S] cluster could also explain why 
the stoichiometry of radical and the reduced [4Fe-4S] was not exactly 1:1 in the 2-
oxoglutarate reduced sample. 
The side reaction as hydrogenase is probably related to the low potential of the 
cluster. Although the reduction potential of MmOGOR was not directly measured in this 
study, it is postulated to be at the level of -540 mV, similar to the equivalent in StOFOR1 
and the cluster in DaPFOR with the lowest potential (Pieulle et al., 1995; Yan et al., 
2014). The crystal structure of MmOGOR provides a view of the hydrophobic 
environment of the cluster. These hydrophobic residues restrict the solvent accessibility 
and are probably the structural determinants of the low reduction potential. The 
preliminary mutagenesis study through perturbation of the hydrophobic environment also 
supported this view.  
The mechanism for 2-oxoglutarate oxidation provides a good basis to infer the 
mechanism of CO2 reduction, based on the principle of microscopic reversibility. 
However, there was little previous work providing any structural or spectroscopic 
evidence for the key steps and intermediates from the reverse reaction. One challenge 
may be the reduction of the [4Fe-4S] cluster. In this study, MmOGOR was not reduced 
by excessive amount of dithionite, limiting further spectroscopic investigation. Future 
efforts will be focused on developing chemical or enzymatic methods to reduce the 
cluster, and utilizing fast kinetic methods such as stop flow and freeze quench to obtain 
more spectroscopic and kinetic details of the CO2 reduction reaction. Additionally, the 
structure of MmOGOR is the first example of the simplest version of OFOR, which is 
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known to be a CO2 reducer. In this sense, the MmOGOR structure with substrates bound 
also provides a glimpse of how MmOGOR might bind succinyl-CoA, the first chemical 
step of the CO2 reduction. Further analysis of the structures could provide new ideas to 
study the kinetic details of CO2 reduction.  
 
4.5 CONCLUSIONS  	
In this chapter, an (αβ)2 -3 type (or the one-cluster type) OFOR (MmOGOR) was 
identified from a mesophilic, autotrophic organism, Magnetococcus marinus MC-1 
strain. It demonstrates strict substrate specificity to 2-oxoglutarate and is involved in an 
anaerobic CO2 fixation pathway, the rTCA cycle. MmOGOR represents the simplest 
form of OFOR enzyme, with a minimal structural architecture (Domain I, II, III and VI) 
and a minimal catalytic machinery (a TPP and a [4Fe-4S] cluster). Spectroscopic studies 
using UV-vis and EPR spectroscopy captured and illustrated the key steps of the catalytic 
cycle in the 2-oxoacid oxidation direction: the TPP-based radical formation and the 
reduction of the [4Fe-4S] cluster. EPR spectroscopy provided further information on the 
stoichiometry of key intermediates, confirming the formation of radical and the reduction 
is a concomitant process. The determination of MmOGOR structure is the first for the 
one-cluster OFOR type that is also a CO2 reducer at physiological conditions. The 
structure of substrates-bound MmOGOR provides a view of the large conformational 
change of the enzyme during the catalytic cycle. The structural study also allows a closer 
examination of the iron-sulfur cluster environment. It was found that hydrophobic 
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residues around the iron-sulfur cluster are responsible for its low potential and 
perturbation of these residues could possibly alter the cluster potential and impact the 
electron-transfer to external electron mediators.  	
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CHAPTER 5 
 
IDENTIFICATION OF THE FERREDOXIN REDOX PARTNER FOR 2-
OXOGLUTARATE:FERREDOXIN OXIDOREDUCTASE FROM 
MAGNETOCOCCUS MARINUS MC-1 		 	
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5.1 INTRODUCTION 	
In order to study the CO2 reduction reaction catalyzed by MmOGOR, it is 
essential to find its cognate electron donor. Unfortunately, unlike the case of DaPFOR 
and HtOGOR, no previous study has been conducted on the native organism to establish 
the electron donor for MmOGOR under CO2 fixation conditions. In this chapter, a kinetic 
approach combined with genomic-neighborhood analysis was taken to identify the redox 
partner for MmOGOR.  
Based on prior knowledge, the Fd redox partner for OFOR enzymes tend to be the 
[4Fe-4S] type, either a monocluster [4Fe-4S] Fd, or a dicluster [4Fe-4S] Fd and in some 
instances, a dicluster type with a [3Fe-4S] and a [4Fe-4S] cluster (Fujii et al., 1996; 
Pieulle et al., 1995; Yamamoto et al., 2010; Yoon et al., 2001). In the Magenetococcus 
marinus MC-1 strain genome, there are three genes that encode such Fds that contain 
[4Fe-4S] clusters. These genes and their genomic neighborhood are shown in Figure 
5.1(based on GenBank ID: CP000471.1, Bazylinski et al., 2013). 
HtFd1 and AaFd6 genes are located downstream of genes encoding for succinyl-
CoA synthase (sucC and sucD) and therefore their link to the reductive TCA cycle is 
apparent (Ikeda et al., 2005). This is not the case for the three MmFds, where the 
connection to rTCA cycle or any CO2 fixation pathways is less clear. 
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Figure 5.1 Genes that encode [4Fe-4S] type Fds and their genome neighborhood. (A) 
MmFd1 (locus tag, Mmc1_0249).  (B) MmFd2 (locus tag, Mmc1_1207). (C) MmFd3 
(locus tag, Mmc1_1191). 
 
MmFd1 (Mmc1_0249) is located in a genome neighborhood that comprises genes 
that are possibly related to arginine biosynthesis (argC) and responsible for stringent 
response and regulation of cell metabolism under stress (spoT/relA) (Chun et al., 1998; 
Hauryliuk et al., 2015). MmFd2 (Mmc1_1207) and MmFd3 (Mmc1_1191) are found in 
the nitrogen-fixation related nif operon. Specifically, MmFd3 is in the so-called major nif 
cluster and belongs to a nif-specific FdIII type, which is only expressed under nitrogen 
fixation growth condition (Jouanneau et al., 1993; Konig et al., 2016; Saeki et al., 1991). 
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MmFd2 is in the so-called minor nif cluster, between nifB and nifQ genes, which are 
known to be involved in FeMo cofactor biosynthesis. A previous study on A. vinelandii, 
the model organism for nitrogen fixation, showed that a homolog of MmFd2, FdxN, was 
the electron donor for the AdoMet radical enzyme NifB. Deletion or mutation of this 
gene resulted in insufficient FeMo cofactor synthesis and impaired nitrogenase activity 
(Jimenez-Vicente et al., 2014). Magnetococcus marinus MC-1 can operate nitrogen 
fixation pathways under both autotrophic growth conditions (CO2 fixation with 
thiosulfate or sulfide as the electron donor) and heterotrophic conditions (Bazylinski et 
al., 2000, 2013). It is unclear how nitrogen-fixation associated MmFd2 or MmFd3 would 
participate in the CO2 fixation steps of the rTCA cycle.  
 
Table 5.1 The genomic neighborhood region of MmFds 
 
Locus Tag 
  
 
Gene 
 
Protein/Function  
 
MmFd1 (Mmc1_0249) 
 
Mmc1_0246 rolM LSU ribosomal protein L13P 
Mmc1_0247 rpsI SSU ribosomal protein S9P 
Mmc1_0248 argC N-acetyl-gamma-glutamyl-phosphate reductase, 
part of L-arginine biosynthesis  
Mmc1_0249 / 4Fe-4S ferredoxin  
Mmc1_0250 yicC YicC N-terminal domain protein 
Mmc1_0251 Gmk Guanylate kinase 
Mmc1_0252 rpoZ DNA-directed RNA polymerase subunit omega 
Mmc1_0253 spoT/relA (p)ppGpp synthetase I, stringent response and 
regulator for cell metabolism  
Mmc1_0254 ridA Putative endoribonuclease L-PSP, enamine 
deaminase 
Mmc1_0255 ? Hypothetic protein  
Mmc1_0256 ABC transporter  Amino-acid ABC transporter substrate-binding 
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protein 
 
MmFd2 (Mmc1_1207) and MmFd3 (Mmc1_1191) 
 
Mmc1_1187 ? Hypothetic protein  
Mmc1_1188 fer2 2Fe-2S ferredoxin  
Mmc1_1189 nifZ Nitrogen fixation protein NifZ 
Mmc1_1190 nifV Homocitrate synthase 
Mmc1_1191 / 4Fe-4S ferredoxin, nif-specific ferredoxin III 
Mmc1_1192 ? Hypothetic protein  
Mmc1_1193 nifX Nitrogenase FeMo cofactor biosynthesis protein 
NifX 
Mmc1_1194 nifN Nitrogenase FeMo cofactor biosynthesis protein 
NifN 
Mmc1_1195 nifE Nitrogenase FeMo cofactor biosynthesis protein 
NifE 
Mmc1_1196 ? Hypothetic protein  
Mmc1_1197 ? Hypothetic protein  
Mmc1_1198 nifY Nitrogenase FeMo cofactor biosynthesis protein 
NifY 
Mmc1_1199 nifT Nitrogen fixation protein NifT 
Mmc1_1200 nifK Mo-nitrogenase FeMo protein beta subunit NifK 
Mmc1_1201 nifD Mo-nitrogenase FeMo protein alpha subunit NifD 
Mmc1_1202 nifH Mo-nitrogenase Fe protein NifH 
Mmc1_1203 draT NAD(+)-dinitrogen-reductase ADP-D-
ribosyltransferase 
Mmc1_1204 nifA Transcriptional regulator NifA 
Mmc1_1205 gcyA Adenylate/guanylate cyclase 
Mmc1_1206 nifB Nitrogenase FeMo cofactor biosynthesis protein 
NifB 
Mmc1_1207 / 4Fe-4S ferredoxin  
Mmc1_1208 N2ase associated Nitrogenase-associated protein 
Mmc1_1209 nifQ Nitrogenase FeMo cofactor biosynthesis 
molybdenum delivery protein NifQ 
Mmc1_1210 draG ADP-ribosyl-(dinitrogen reductase) hydrolase 
Mmc1_1211 pncA Nicotinamidase  
Mmc1_1212 pncB Nicotinate phosphoribosyltransferase 
Mmc1_1213 ? Hypothetic protein  
Mmc1_1214 ? Hypothetic protein  
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From a biochemical point of view, a bona fide Fd redox partner should exhibit 
good kinetic properties in its interaction with MmOGOR during catalysis. In this work, 
all three Fds encoded by the three genes were expressed and characterized. Their 
interaction with MmOGOR was examined in both the 2-oxoglutarate oxidation and CO2 
reduction directions. These biochemical data helped identify the putative redox partner 
for MmOGOR and made it possible to study the CO2 reduction reaction catalyzed by 
MmOGOR.   	
 
5.2 MATERIALS AND METHODS 	
5.2.1 Sequence analysis and structure modeling   
The amino-acid sequences of three Fds were downloaded from NCBI protein 
database and were used as query sequences for their homologs through protein BLAST 
(Altschul et al., 1990). The three-dimensional models of three MmFds were generated by 
the Phyre2 server (Kelley et al., 2015). The sequences of MmFd1 and MmFd2 were 
further aligned with other Alvin-type Fds and the sequence of MmFd3 was further 
aligned with other typical dicluster [4Fe-4S] Fds, using T-Coffee (Notredame et al., 2000) 
and then visualized/color-coded using the Boxshade server.   
 
5.2.2 Plasmids construction 
The sequences for the genes encoding MmFd1(Mmc1_0249), MmFd2 
(Mmc1_1207) and MmFd3 (Mmc1_1191) were codon-optimized for E. coli, and the 
		
145 
corresponding oligonucleotides were synthesized (GenScript) and inserted in pE-
SUMOpro vector (LifeSensors) linearized with BsaI. All plasmid constructs were 
confirmed by Sanger DNA sequencing (Genewiz).   
 
5.2.3 Protein expression, purification and characterization 
The expression of MmFds was similar to that of MmOGOR described in Chapter 
4, except that IPTG was used at a final concentration of 25 µM. The growth media were 
supplemented with ammonium ferrous sulfate at a final concentration of 1 mM. 
Purification of MmFds was also similar to that of MmOGOR except buffers used contain 
25 mM HEPES (pH 8.0) and 500 mM NaCl, and the storage buffer comprised 50 mM 
HEPES (pH 7.0), 100 mM NaCl and 1 mM MgCl2. Protein was concentrated with 
Amicon ultra centrifugal filters (3 kD cut-off) and the purity was verified by SDS-PAGE 
with 16% acrylamide Tris-Tricine gels to be > 85%.  
MmFds are reconstituted under anaerobic condition to ensure [4Fe-4S] cluster 
loading. Proteins were first treated with 5 mM DTT for 10 min, and 1 molar equivalent of 
ammonium ferrous sulfate and sodium sulfide were added in nine aliquots over the 
course of 1 hr. The mixtures were incubated on cold metallic thermal beads (~ 4 °C, Lab 
Armor®) for another hour before buffer-exchanged into the storage buffer using PD-10 
columns. The final protein solution was concentrated, flash frozen and stored in liquid 
nitrogen. Protein concentration was measured by RC DC™protein assay with BSA as the 
standard, and also by the UV-vis absorbance at 390 nm, with ε390= 31 mM-1 cm-1 for 
MmFd1 and MmFd3, and ε390= 30 mM-1 cm-1 for MmFd2 (Hong and Rabinowitz, 1970; 
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Pieulle et al., 2004; Yoon et al., 2001). The iron content was checked by ferrozine-based 
colorimetric assay (Carter, 1971).  
Purification of MmOGOR and DaPFOR were described in Chapter 4 and Chapter 
2, respectively. Glutamate dehydrogenase (GDH, type I, from bovine liver) was 
purchased from Sigma.  
 
5.2.4 UV-vis spectroscopy  
UV-visible absorption spectra of MmFds were recorded in anaerobic quartz 
cuvettes (1 cm optic path) under argon with a Cary 50 spectrophotometer. To test the 
electron-transfer efficiency between MmOGOR and the three MmFds, a time-dependent 
reduction of Fd by MmOGOR was performed, by collecting multiple UV-vis spectra 
every 30 sec ca. 400 nm for the [4Fe-4S] clusters and ca. 320 nm for coupled 
metronidazole reduction. The assay for the [4Fe-4S] absorbance change of MmFds 
contains 10 mM 2-oxoglutarate, 200 µM CoA and 12 µM MmFds and 200 nM 
MmOGOR. The assay for metronidazole absorbance change contains 10 mM 2-
oxoglutarate, 200 µM CoA, 0 or 1 µM MmFds, 150 µM metronidazole and 50 nM 
MmOGOR and was carried out in Multicomponent Buffer A (pH 7.0). The first spectrum 
was collected before MmOGOR addition and the remaining spectra were collected every 
30 sec, up to 10 min for direct reduction or every 1 min, up to 30 min for metronidazole 
coupled reduction.  
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5.2.5 EPR spectroscopy 
All samples were prepared with quartz EPR tubes under anaerobic condition in 
the Coy chamber and flash frozen in liquid nitrogen. Each EPR tube contained about 100-
200 µM MmFds, which was incubated with 10-20 mM dithionite at room temperature for 
30 min. EPR spectra were recorded on a Brucker ELEXSYS E-500 continuous wave 
spectrometer, and an Oxford Instruments ESR900 continuous flow liquid helium cryostat. 
 
5.2.6 Electrochemistry  
The reduction potential of the three MmFds were measured by the same cyclic 
voltammetry methods described in Chapter 2 and 3. Experiments were conducted at room 
temperature in Multicomponent Buffer B (pH 7.0) with 20-50 µM Fds and 1 mM 
neomycin. The scan rates were at 10 and 20 mV/sec with a step potential of 0.15 mV. 
 
5.2.7 Coupled biochemical assay with MmOGOR 
Coupled assays for 2-oxoglutarate oxidation and CO2 reduction of MmOGOR 
using MmFds were carried out in a similar manner as that described for DaPFOR in 
Chapter 3. There were two main differences. In the 2-oxoglutarate oxidation direction, 
the terminal electron donor is metronidazole, not cytochrome c, as the former showed 
less background reaction for MmOGOR (Figure 5.2A and Figure 5.13A). In the CO2 
reduction direction, DaPFOR is used in the upstream reaction to keep Fds reduced and a 
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glutamate dehydrogenase (GDH) was used in the downstream reaction to detect the 
formation of 2-oxoglutarate (Figure 5.2B).  
The 2-oxoglutarate oxidation activity of MmOGOR using MmFd1 as the electron 
acceptor was also measured, with metronidazole as the terminal electron acceptor. The 
assay was performed in Multicomponent Buffer A at pH 7.0 at 30 °C. The assay mixture 
contains 10 mM 2-oxoglutarate, 5 mM dithiothreitol, 200 µM CoA, 150 µM 
metronidazole, 100 nM MmOGOR and various amounts of MmFd1 (50 nM-12 µM). The 
reaction is initiated by the addition of CoA and the change of absorbance at 320 nm is 
monitored for the reduction of metronidazole (ε320= 9.3 mM-1 cm-1, Furdui and Ragsdale, 
2000). Metronidazole is a four-electron acceptor and therefore the reduction of 1 
equivalent of metronidazole corresponds to oxidation of 2 equivalents of 2-oxoglutarate 
(Chen and Blanchard, 1979). 
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Figure 5.2 Schematic presentation of the coupled enzyme assays. (A) Fd as the 
electron acceptor for MmOGOR during 2-oxoglutarate oxidation. Metronidazole was 
used as the terminal electron acceptor. (B) Fd as the electron donor for MmOGOR during 
2-oxoglutarate synthesis (CO2 reduction). Fd is kept reduced by an upstream reaction 
(DaPFOR) and 2-oxoglutarate as the product was detected by a downstream reaction 
(GDH).  
 
The CO2 reduction activity of MmOGOR was measured via a three-component 
coupled assay, where a Fd-regeneration system (upstream reaction, DaPFOR) and a 2-
oxoglutarate-detection system (downstream reaction, GDH) was designed such that the 
CO2 reduction step by MmOGOR is the rate-limiting step (Figure 5.2B). The reaction is 
performed in Multicomponent Buffer A at pH 7.0 at 30 °C. The assay mixture consists of 
10 mM pyruvate, 0.2 mM CoA, 5 mM ammonium chloride, 20 mM potassium 
bicarbonate, 5 mM DTT, 200 µM NADPH, 1 mM succinyl-CoA, 500 nM DaPFOR, 
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various amounts of MmFd1(100 nM-15 µM), 100 nM MmOGOR and 100 nM GDH. The 
assay mixture was made anaerobic from argon purging and the reaction was first 
incubated for 5 min to allow reduction of Fds from the upstream reaction, and then 
initiated by the addition of succinyl-CoA and MmOGOR. The change of absorbance at 
340 nm is monitored for the oxidation of NADPH (ε340= 6.22 mM-1 cm-1). Oxidation of 
one equivalent of NADPH corresponds to the synthesis of one equivalent of 2-
oxoglutarate (also reduction of one equivalent amount of CO2). 
 
5.2.8 Modeling of the MmOGOR and MmFd complexes 
The crystal structure of MmOGOR with no substrates bound was superposed with 
DaPFOR (PDB:2C3M, Cavazza et al., 2006). The homology models of MmFds were 
generated using the Phyre2 server and AlvinFd (PDB:1BLU, Moulis et al., 1996) as the 
template for MmFd1/2 and superposed with the Fd domain of DaPFOR (PDB: 2C3M, 
Cavazza et al., 2006).  
 
5.3 RESULTS 
5.3.1 Analyses of MmFds amino-acid sequences 
Based on the amino-acid sequences, MmFd1 and MmFd2 belong to an Alvin-type 
dicluster Fd (Figure 5.3). Different from the Clostridial-type dicluster Fd, this type 
displayed two distinct sequence features: an insertion of six to eight amino-acids in the 
second CXXC binding motif of the second cluster, and a twenty amino-acid extension on 
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the C-terminus (Huber et al., 1995). MmFd1 and MmFd2 showed remarkable sequence 
similarity (44% sequence identity and 55% sequence similarity).  
 
 
Figure 5.3 Sequence alignment for MmFd1, MmFd2 and typical Alvin-type Fds. 
Orange and green lines denote the two different [4Fe-4S] cluster binding motifs. The blue 
arrow indicates the position of the “5th cysteine”. The magenta arrow indicates the 
position of amino-acids that could gate the solvent access of the cluster. Mm: 
Magnetococcus marinus MC-1. Ec: Escherichia coli. Alvin: Allochromatium vinosum. Pa: 
Pseudomonas aeruginosa. Ta: Thauera aromatica. Azvin: Azobacter vinelandii.  
 
The amino-acid sequence of MmFd3 is unique. It contains two typical 
CXXCXXCXnCP [4Fe-4S] cluster-ligating motifs, indicating that MmFd3 could bind 
two clusters.  There is an insertion of about thirty amino-acids between the two ligating 
motifs and a twenty amino-acids extension on the N-terminus. Neither feature has been 
observed among the Alvin and the Clostridial dicluster types. A BLAST search for 
MmFd3 resulted in sequences for a nif-specific FdIII type, mostly identified in nitrogen-
fixing organisms.  
MmFd1 1 MALIINEDCTNCDVCLPECPNEAITDGSDVDSDIYYIHPDLCSECKGSFDEPQCVSVCPV 
MmFd2 1 MALSITEKCVNCWACETVCPSDAIVAAS----PHFLIKADACSECDGHYADYQCAAICPV 
EcFd 1 MALLITKKCINCDMCEPECPNEAISMGD----HIYEINSDKCTECVGHYETPTCQKVCPI 
AlvinFd       1 MALMITDECINCDVCEPECPNGAISQGD----ETYVIEPSLCTECVGHYETSQCVEVCPV 
PaFd 1 MSLKITDDCINCDVCEPECPNGAISQGE----EIYVIDPNLCTECVGHYDEPQCQQVCPV 
TaFd 1 MALYINDDCTACDACVEECPNEAITPGD----PIYVIDPTKCSECVGAFDEPQCRLVCPA 
AzvinFdIII    1 MSLKITDDCINCDVCEPECPNGAISQGE----EIYVIDSNLCTECVGHYDEPQCQQVCPV 
MmFd1 61 E-CIEQ-------DPDHV--ESEEELLAKHEAIHG---- 
MmFd2 57 E-EAILNSFGAPINPVGSLTGVPAEVRLAFEQGAGL-HL 
EcFd 57 PNTIVK-------DPAHV--ETEEQLWDKFVLMHHADKI 
AlvinFd      57 D-CIIK-------DPSHE--ETEDELRAKYERITGE--G 
PaFd 57 D-CIPL-------DDANV--ESKDQLMEKYRKITGK--A 
TaFd 57 D-CIPD-------NPDYR--ETREELQEKYDRLHG---- 
AzvinFdIII   57 D-CIPH-------DENRV--ESREELMRKYLIITGK--A 
Cluster I
Cluster II
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Figure 5.4 Sequence alignment for MmFd3, and other typical dicluster Fd types. 
Orange and green lines denote the typical CXXCXXCXnCP [4Fe-4S] cluster binding 
motif. The blue arrow indicates the position of the “5th cysteine”. The magenta arrow 
indicates positions of amino-acids that could gate the solvent access of the cluster. The 
green arrow indicates the position of a positively charged residue which could stabilize 
the charge on the cluster. Mm: Magnetococcus marinus MC-1. Rc: Rhodobacter 
capsulatus. Alvin: Allochromatium vinosum. Cp: Clostridium pasteurianum.  	
5.3.2 Purification of MmFds and preliminary spectroscopic characterization  
All three MmFds could be purified using the same strategy as MmOGOR 
described in Chapter 4. ~3 g cell pellets (wet weight) from 1 L growth typically yielded ~ 
0.2 mg MmFds. The MmFds were highly sensitive to oxygen and were quite unstable 
once the SUMO-tag was removed. During the purification process, the ionic strength of 
the buffers was kept at up to 500 mM NaCl to prevent denaturation and precipitation. 
Purified MmFds must be reconstituted to ensure iron-sulfur cluster loading. After 
reconstitution, the iron assay typically gave a result of > 8 Fe per protein (theoretically 8 
for two [4Fe-4S] clusters). 
MmFd3      1 MAVFTGTTRGGSEWTPEFIESINHKNCIGCGRCYKVCPRDVFELVERD-EIEDLEEGGED 
RcFdIII    1 MMPTVAYTRGGAEYTPVYLMKIDEQKCIGCGRCFKVCGRDVMSLHGLTEDGQVVAPGTDE 
AlvinFd    1 MALMIT------------------DECINCDVCEPECPNGAISQG--------------- 
CpFd       1 MAYKIA------------------DSCVSCGACASECPVNAISQG--------------- 
MmFd3     60 WEEDGFDDDVVYVMSIADKEDCIG---CAACSRVCPKDCHSHA----T--LEIAA----- 
RcFdIII   61 WDEV-EDEIVKKVMALTGAENCIG---CGACARVCPSECQTHA----A--LS-------- 
AlvinFd   28 --------DETYVIEPSLCTECVGHYETSQCVEVCPVDCIIKDPSHEETEDELRAKYERI 
CpFd      28 --------DSIFV---IDADTCID---CGNCANVCPVGAPVQE----------------- 
MmFd3        ---- 
RcFdIII      ---- 
AlvinFd   80 TGEG 
CpFd  ---- 
Cluster I
Cluster II
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Figure 5.5 Purification MmFds with MmFd2 as an example. Lane 1, SUMO-tagged 
MmFd2 purified from the first Ni column (prior steps not shown). Lane 2, SUMO-tagged 
MmFd2 digested by SUMO protease. Lane 3, Digested SUMO-tagged MmFd2 was 
chemically reconstituted (without removing the SUMO-tag and the protease). Lane 4, 
Reconstituted MmFd2 passed through a second Ni column to remove the tag and the 
protease, concentrated and buffer exchanged into the final storage buffer. MmFd2 has a 
theoretical molecular weight of 9.6 kD. Lane 5, protein standard, Precision Plus 
Protein™ Dual Xtra (Bio-Rad). 
 
After chemical reconstitution, all MmFds exhibited the typical spectroscopic 
features of a protein with [4Fe-4S] clusters. The UV-vis spectra of MmFds all exhibited a 
broad 400 nm absorption feature, from the ligand-to-metal charge-transfer (Figure 5.6-
5.8A). The absorption at 400 nm could be bleached upon dithionite addition (data not 
shown).  
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Figure 5.6 Spectroscopic features of MmFd1. (A) A typical UV-vis spectrum of 
MmFd1 (~12 µM). (B) A typical EPR spectrum of reduced MmFd1 (~200 µM MmFd1 
with 20 mM dithionite added). Experiment conditions: temperature, 14K; microwave 
frequency, 9.386 GHz; microwave power, 1 mW; modulation amplitude, 0.5 mT; 
receiver gain, 60 dB.  
 
Preliminary EPR studies did not detect any [3Fe-4S]+ signal (S=1/2) for these Fds 
after chemical reconstitution, indicating the absence of [3Fe-4S] clusters, and also 
showing that chemical reconstitution was an effective way to reload the clusters for these 
Fds (data not shown). With the addition of dithionite, signals for [4Fe-4S]+ (S=1/2) arose 
for all three MmFds (Figure 5.6-5.8B). 
The EPR spectrum of dithionite-reduced MmFd1 exhibited a typical rhombic 
signal for [4Fe-4S]+ (S=1/2), with g-values at 2.050, 1.938 and 1.895 (Figure 5.6B). The 
signal is more similar to Fds with only one [4Fe-4S] cluster (Ikeda et al., 2005; Zubieta et 
al., 1973). There were no additional features that could arise from spin coupling of two 
reduced clusters that were within close proximity. For example, also an Alvin-type Fd, 
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Azobacter vinelandii FdIII (AzvinFdIII) reduced photochemically by 5’-deazariboflavin 
displayed a broadened spectrum with major g-values at 2.09, 2.01 and 1.94 and other 
smaller features (Gao-Sheridan et al., 1998). These observations suggest that under our 
experimental conditions, dithionite was only able to reduce one of the two clusters in 
MmFd1. 
 
 
Figure 5.7 Spectroscopic features of MmFd2. (A) A typical UV-vis spectrum of 
MmFd2 (~12 µM). (B) A typical EPR spectrum of reduced MmFd2 (~100 µM MmFd2 
with 10 mM dithionite added). Experiment conditions: temperature, 14K; microwave 
frequency, 9.380 GHz; microwave power, 4 mW; modulation amplitude, 0.5 mT; 
receiver gain, 60 dB.  
 
The EPR spectrum of dithionite-reduced MmFd2 only displayed a weak axial 
signal. Because of the low intensity, only two g-values were recognizable: 2.040 and 
1.932 (Figure 5.7B). The near axial signal was also observed for some of the [4Fe-4S] 
clusters in NADH dehydrogenase (Albracht, 1974). More likely, MmFd2 was not 
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sufficiently reduced during the EPR sample preparation process and a third feature was 
too weak to be observed. These g-values were reminiscent of those for the [4Fe-4S] 
cluster in E. coli sulfite reductase (g=2.04, 1.93, 1.91) and the [4Fe-4S] clusters in CODH 
from Methanosarcina thermophila (g=2.04, 1.93, 1.89) (Janick and Siegel, 1982; Lu et 
al., 1994). 
 
 
Figure 5.8 Spectroscopic features of MmFd3. (A) The UV-vis spectrum of MmFd3 
(~12 µM). (B) The EPR spectrum of reduced MmFd3 (~100 µM MmFd3 with 10 mM 
dithionite added). Experimental conditions: temperature, 14 K; microwave frequency, 
9.384 GHz; microwave power, 4 mW; modulation amplitude, 0.5 mT; receiver gain, 60 
dB.  
 
 
The EPR spectrum of dithionite-reduced MmFd3 exhibited a rhombic signal as 
well (with a radical feature from dithinionite at g-value ~2.0), with g-values at 2.044, 
1.945 and 1.893 (Figure 5.8B). This EPR spectrum was similar to that of a nif-specific 
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FdIII analog, Rhodobacter capsulatus FdIII (RcFdIII), when it was 20% reduced (g-
values at 2.04, 1.94 and 1.88, Jouanneau et al., 1993).  
Overall, all the MmFds prepared in the study demonstrated typical properties of 
proteins that contain [4Fe-4S] clusters. The EPR spectra presented here were preliminary 
studies of these Fds at one reduced state. Further experiments are needed to examine the 
nature of the possible spin coupling of the clusters in different reduced states.  
 
5.3.3 The reduction potentials of MmFds 
Cyclic voltammetry experiments for all three MmFds were carried out at pH 7.0 
with proteins in solution. The voltammogram for MmFd1 displayed two distinct features 
in the oxidative and reductive scans, respectively. The reduction potentials for MmFd1 
was determined to be -635 mV and -485 mV (Figure 5.9B). This is typical of Alvin-type 
Fds, where two distinct potential values with a 150 mV difference were observed (See 
Table 5.2). 
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Figure 5.9 A homology model and a typical cyclic voltammogram for MmFd1. (A) 
The homology model for MmFd1 generated by Phyre2, based on AlvinFd (PDB: 1BLU, 
Moulis et al., 1996). Cluster I and II were named based on the occurrence of ligating 
cysteines in the amino-acid sequences. (B) A typical cyclic voltammogram for MmFd1. 
Experimental conditions: room temperature; pH 7.0; scan rate: 20 mV/sec; step potential: 
0.15 mV.  
 
Based on the sequence and the homology model, the lower potential at -635 mV 
was assigned to Cluster I and the higher potential at -485 mV was assigned to Cluster II 
in MmFd1 (Figure 5.9A). Although Cluster I seemed to be closer to the surface, the 
presence of two amino-acids around the cluster could explain its lower potential. The 
cysteine at position 62 (C62) is the fourth amino-acid after the last ligating cysteine for 
Cluster I and could form an SH---S hydrogen bond to the cluster, known as the “5th 
cysteine” effect (Figure 5.3, the blue arrow, and Figure 5.9A).  The valine at position 14 
(V14) is in the second CXXC binding motif and was essential in gating solvent access 
(Figure 5.3, the magenta arrow, and Figure 5.9A). Similar to the study in Chapter 3, 
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where L17 was important for the low potential of HtFd1 and replacement of this leucine 
with amino-acids with smaller side-chains led to increase of the cluster potential. The 
presence of C62 and V14 was key to the low potential of Cluster I and were conserved in 
most of the Alvin-type Fds (Figure 5.3). The large difference in potential between Cluster 
I and Cluster II could explain why the EPR spectrum of dithionite-reduced MmFd1 only 
displayed features of one reduced cluster. It was likely Cluster II (-485 mV) was reduced 
and Cluster I remained oxidized (-635 mV) when dithionite was used as the reductant 
(Eo’= -660 mV, Mayhew, 1978).    
 
Figure 5.10 A homology model and a typical cyclic voltammogram for MmFd2. (A) 
The homology model for MmFd2 generated by Phyre2, based on AlvinFd (PDB:1BLU, 
Moulis et al., 1996). (B) A typical cyclic voltammogram of MmFd2. Experimental 
conditions: room temperature; pH 7.0; scan rate: 20 mV/sec; step potential: 0.15 mV.  
 
In contrast, although the sequence of MmFd2 and the structural modeling 
suggested MmFd2 was also an Alvin-type Fd, its cyclic voltammogram only displayed 
one broad feature, with the potential centered around -520 mV. A closer examination of 
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the sequence revealed that Cluster I of MmFd2 lacked the two key residues that could 
lower the cluster potential. At position 58, which is the equivalent of C62 of MmFd1, the 
homologous residue is glutamate and therefore the “5th cysteine” effect is not present 
(Figure 5.3, the blue arrow, and Figure 5.10A). At position 14, the homologous residue is 
alanine, indicating the cluster in this case is more exposed to the solvent than that of 
MmFd1 (Figure 5.3, the magenta arrow and Figure 5.10A). The lack of a bulky residue at 
this position was also observed in one Alvin-type Fd from Thauera aromatica, TaFdI. It 
also contains an alanine at this position and the potential of Cluster I is -587 mV, ~60 mV 
higher than many other Alvin-type Fds. Previous studies also showed it was possible to 
turn a typical Alvin-type Fd that displayed two distinct potential values into an Fd with 
one potential through mutations. A triple mutation in AlvinFd (D12G/V13G/C57A) 
increased the potential of Cluster I from -655 mV to -477 mV, similar to the potential of 
Cluster II (Kummerle et al., 2001). With the amino-acid difference at the two key 
positions in MmFd2, and possibly other sequence variations, it is reasonable that the 
potential of Cluster I in MmFd2 was higher than most of the Alvin-type Fds and was at 
the same level as Cluster II.  
  
Table 5.2 Comparison of MmFd1, MmFd2 and other Alvin-type Fds 
 
Name 
 
Organism 
 
Em,1 a 
 
Em,2 a 
 
Reference 
           (mV, vs SHE) 
 
 
AlvinFd Allochromatium 
vinosumb 
-655 -460 Kyritsis et al., 
1998 
     
AzvinFdIII Azobacter vinelandii  -644 -486 Gao-Sheridan et 
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al., 1998 
     
EcFd Escherichia coli -675 -418 Saridakis et al., 
2009 
     
PaFd Pseudomonas 
aeruginosa 
-655 -475 Giastas et al., 2006 
     
TaFd Thauera aromatica -587 -431 Boll et al., 2006 
     
MmFd1 Magnetococcus 
marinus MC-1 
-635 -485 This work  
MmFd2 -520 -520 This work  
 
a. Em,1 and Em,2 refers to the reduction potential of cluster I and cluster II.  
b. basonym Chromatium vinosum 
 
 
Figure 5.11 A homology model and a typical cyclic voltammogram for MmFd3. (A) 
The homology model for MmFd3 generated by Phyre2, based on the Fd domain of 
DaPFOR (PDB: 2C3Y, Cavazza et al., 2006). (B) A typical cyclic voltammogram of 
MmFd3. Experimental conditions: room temperature; pH 7.0; scan rate: 10 mV/sec; step 
potential: 0.15 mV. Arrows indicate the redox active features generated on both the 
oxidative and reductive scans.  
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MmFd3 also exhibited two different distinct features in the cyclic voltammogram. 
The difference in the two clusters could be attributed to the involvement of a “5th 
cysteine” in Cluster I as well (4th position of the last ligating cysteine, C95, see Figure 
5.11A and Figure 5.4, the blue arrow). Therefore, the lower potential was assigned to 
Cluster I (-380 mV). The potential was close to DaFdI (-385 mV) which also contained a 
“5th cysteine”. However, the reduction potential value of Cluster II (-233 mV) was higher 
than most [4Fe-4S] clusters (Capozzi et al., 1998; Liu et al., 2014). The higher potential 
could probably be attributed to the residues with smaller side-chains in the CXXCXXC 
[4Fe-4S] cluster-binding motif, which makes the cluster more solvent exposed (A85, A86 
and G84, see Figure 5.11A and Figure 5.4, the magenta arrows). It is possible that the 
unusual placement of a positively charge residue, arginine, immediately following the 
proline of the CXnCP motif, could raise the potential by stabilizing the charge on the 
cluster (R39, see Figure 5.11A and Figure 5.4, the green arrow). However, the latter has 
not been investigated in the study of iron-sulfur proteins. This type of nif-specific FdIII is 
the least characterized Fd and requires further study to explain the unusual redox 
properties.  
 
5.3.4 Comparison of three MmFds in their interaction with MmOGOR 
As the goal of the chapter is to identify the cognate redox partner for MmOGOR 
for future studies in CO2 fixation, here the three MmFds were compared in their ability to 
mediate intermolecular electron-transfer from MmOGOR. Two approaches were taken in 
the evaluations. The first approach is to monitor the direct reduction of MmFds by 
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MmOGOR in the presence of its substrates. As shown in Figure 5.12, when MmFds were 
reduced, the broad absorbance around 400 nm decreased (indicated by the blue arrow). 
When compared under the same conditions, MmFd1 demonstrated the best ability to 
accept electrons from MmOGOR. Thirty seconds following the addition of MmOGOR, 
the absorbance of MmFd1 ~ 400 nm was diminished by half and the reduction was 
almost complete after 1 min (Figure 5.12A). However, MmFd2 exhibited only a 
moderate ability to accept electrons from MmOGOR, with an absorbance decrease of 
~25% and ~60%, 30 sec and 1 min after the addition of MmOGOR (Figure 5.12B). 
MmFd3 displayed the least activity of all three, indicating a very slow electron-transfer 
when serving as the electron acceptor for MmOGOR (Figure 5.12C).  
 
 
Figure 5.12 Direct reduction of three MmFds by MmOGOR. 200 nM MmOGOR was 
added to ~12 µM MmFd1(A), MmFd2 (B) or MmFd3 (C) in the presence of 10 mM 2-
oxoglutarate and 200 µM CoA. The spectra were collected every 30 sec after the addition 
of MmOGOR up to 10 min.  
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The second approach is to compare the kinetics of three MmFds serving as the 
electron acceptor for MmOGOR with a terminal electron acceptor, metronidazole, as the 
chromophore (Figure 5.2A). Metronidazole has an absorption feature at 320 nm which 
could be bleached upon reduction. Similar to the coupled assay using cytochrome c as the 
terminal electron acceptor in Chapter 3, metronidazole could be reduced by Fds while the 
background reaction with MmOGOR is negligible (Figure 5.13A). When compared under 
the same conditions, MmFd1 demonstrated the best ability to deliver electrons from 
MmOGOR to metronidazole. Over the course of 30 min, there was an absorbance change 
of 0.597 at 320 nm, corresponding to 64 µM reduced metronidazole (ε320= 9.3 mM-1 cm-
1). In contrast, MmFd2 and MmFd3 were rather poor electron mediators, only achieving 
reduction of approximately 11 µM and 13 µM metronidazole, respectively. Again, when 
there was no Fd present, the absorbance of metronidazole remained almost unchanged, 
suggesting low background activity.  
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Figure 5.13 Reduction of metronidazole by MmOGOR, mediated by MmFds. 50 nM 
MmOGOR were added to a mixture of 10 mM 2-oxoglutarate, 200 µM CoA, 0 or 1 µM 
MmFds and 150 µM metronidazole. (A) no Fd added, (B) MmFd1, (C) MmFd2 and (D) 
MmFd3. The spectra were collected every 1 min for up to 30 min and 10 min for the 
assay mixture with no Fds. 
 
Although the experiments only tested the ability of MmFds as the electron 
acceptor during 2-oxoglutarate oxidation, fast kinetics were usually an indication of 
efficient electron-transfer between cognate redox partners. The two semi-quantitative 
kinetic experiments provide good evidence that MmFd1 is likely the cognate redox 
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partner for MmOGOR. MmFd1 was used as the electron donor in the subsequent 
characterization of MmOGOR in CO2 reduction.  
 
5.3.5 Kinetic properties of MmOGOR using MmFd1 as the electron mediator 
 
 
Figure 5.14 Kinetic properties of MmOGOR using MmFd1 as the redox mediator. 
(A) 2-oxoglutarate oxidation catalyzed by MmOGOR with MmFd1 as the electron 
acceptor. The assay mixture contained 10 mM 2-oxoglutarate, 5 mM DTT, 200 µM CoA, 
50 nM ~12 µM MmFd1, 150 µM metronidazole and 100 nM MmOGOR. (B) CO2 
reduction catalyzed by MmOGOR with MmFd1 as the electron donor. The assay mixture 
contained 10 mM pyruvate, 0.2 mM CoA, 5 mM ammonium chloride, 20 mM potassium 
bicarbonate, 5 mM DTT, 200 µM NADPH, 10µM ~2mM succinyl-CoA, 500 nM 
DaPFOR, 100 nM to 15 µM MmFd1, 100 nM MmOGOR and 100 nM GDH. The KM 
value for MmFd1 was obtained when succinyl-CoA was fixed at 1 mM and the KM value 
for succinyl-CoA was obtained when MmFd1 was fixed at 5 µM. Both assays were 
carried out at 30 °C, in Multicomponent Buffer A (pH 7.0). 
 
The steady-state assay in 2-oxoglutarate oxidation with MmFd1 as the electron 
acceptor for MmOGOR (metronidazole as the terminal electron acceptor for MmFd1) 
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obtained a kcat of 735 min-1 and KM of 1.8 µM for MmFd1 (Figure 5.14A, Table 5.3). The 
catalytic efficiency kcat/ KM was 6.8 × 106 s-1 M-1, higher than that measured with an 
artificial electron acceptor, MV (1.1 × 105 s-1 M-1, Table 4.3, Chapter 4), indicating a more 
efficient electron-transfer between MmOGOR and its putative cognate electron acceptor. 
 
Table 5.3 Kinetic properties of MmOGOR using MmFd1 as the redox mediator  
 
Substrates 
 
 
kcat (min-1) 
 
KM (µM) 
 
kcat/KM (s-1 M-1) 
 
 
Buffer pH  
MmFd1 (2-oxoglutrate 
oxidation) 
735 1.8  6.8 × 106 7.0 
MmFd1 (CO2 
reduction) 
30.6 1.3  3.9 × 105 7.0 
Succinyl-CoA 26.8 32 1.4 × 104 7.0 
 
The coupled reductive carboxylation assay is similar to the assay used in Chapter 
3. DaPFOR used in the upstream reaction exhibited an activity of ~350 min-1 (Chapter 2) 
and GDH used in the downstream reaction exhibited an activity of ~ 5700 min-1 (data not 
shown). Control experiments showed MmOGOR and GDH did not react with pyruvate, 
which was added in the upstream reaction and DaPFOR did not react with 2-oxoglutarate. 
Under the experimental conditions, the activity of enzymes in the upstream reaction (500 
nM DaPFOR) and the downstream reaction (100 nM GDH) far exceeded that of 
MmOGOR and thus the NADPH consumption rate equaled the rate of 2-oxoglutarate 
synthesis (CO2 reduction).  
Using MmFd1 as the electron donor, the activity of MmOGOR in 2-oxoglutarate 
synthesis was measured at a kcat of 30.6 min-1 and a KM for MmFd1 at 1.3 µM (Figure 
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5.14B, Table 5.3). The KM values measured for MmFd1 in the oxidation and reduction 
directions were similar. The catalytic efficiency (kcat/KM) for MmOGOR in CO2 reduction 
direction is 3.9 × 105 s-1 M-1 (KM based on MmFd1), approximately 1/17 of that from 2-
oxoglutatate oxidation, both at pH 7.0. The catalytic efficiency (kcat/KM) for MmOGOR in 
CO2 reduction direction is 1.4 × 104 s-1 M-1 (succinyl-CoA as substrate) and 3.9 × 105 s-1 
M-1 (MmFd1 as substrate), at a similar level of previously characterized OFOR enzymes 
in CO2 reduction. OGORs from H. thermophilus exhibited a catalytic efficiency of 1.3 × 
105 s-1 M-1 (KorAB) and 2.2 × 104 s-1 M-1 (ForDABGE) for succinyl-CoA. A 
pyruvate:ferredoxin oxidoreductase/pyruvate synthase (PFOR/PS) from Moorella 
thermoacetica, exhibited a catalytic efficiency of 7.4 × 106 s-1 M-1 for Fd and 3.6 × 105 s-1 
M-1 for acetyl-CoA. The low KM for succinyl-CoA (32 µM) versus the high KM of 2-
oxoglutarate (970 µM, Table 4.5, Chapter 4) at pH 7.0 indicates even at low substrate 
concentration, the enzymatically catalyzed reaction could proceed in the CO2 reduction 
direction at a considerably high rate.   
There are a few factors that indicate MmOGOR could run faster in vivo under 
CO2-fixation conditions. In all the assays, the bicarbonate concentration was fixed at 20 
mM (because the upstream reaction also generates CO2, the KM for CO2 was not 
measured in this study). Based on the Henderson-Hasselbalch equation, at pH 7.0, the 
concentration for CO2 is about 2.2 mM, which could be lower than the cellular CO2 
concentration when the organism is growing under CO2 fixation conditions. For example, 
when Moorella thermoacetica grows under 100% CO2, the cellular CO2 concentration 
could reach 33 mM (Furdui and Ragsdale, 2000). Additionally, MmOGOR exhibits a low 
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KM for succinyl-CoA (32 µM) versus a high KM for 2-oxoglutarate (970 µM). As the 
substrate of the first step reaction in CO2 reduction, the low KM for succinyl-CoA 
suggests that even at low substrate concentration, the enzyme could catalyze the reaction 
in the CO2 reduction direction at a considerable rate. Furthermore, the identification of a 
succinyl-CoA synthase (SucCD) upstream of MmOGOR in the genome neighborhood 
suggests the reductive carboxylation is a highly-concerted process, possibly with 
succinyl-CoA synthase delivering succinyl-CoA to MmOGOR in an efficient manner 
(Williams et al., 2006).   
The differences between three MmFds as electron donors for MmOGOR were 
also assessed under the same conditions. When at 5 µM, MmFd1 could support a CO2 
reduction rate of 27.2 ± 0.9 min-1, significantly higher than that of MmFd2 (6.3 ± 1.1min-
1) and MmFd3 (8.1± 0.4 min-1) (Figure 5.15). Again, this suggested MmFd1 was a better 
redox partner for MmOGOR and the choice of electron donor was key to efficient 
reduction of CO2. Interestingly, when an Fd from a heterologous organism, HtFd1, was 
used, the CO2 reduction activity was considerably high (Figure 5.15). The low reduction 
potential of HtFd1 (-485 mV) and the similarity between MmOGOR and HtOGOR (both 
of the (αβ)2 type, 48% sequence identity and 65% sequence similarity) may be the 
contributing factors. 
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Figure 5.15 CO2 reduction activity of MmOGOR using different Fds as the electron 
donor. The rates of CO2 reduction using different Fds as the electron donor were 
compared using unpaired t tests.  * indicated a p-value < 0.05 and **** indicated a p-
value < 0.0001. 
 
5.3.6 The hypothetical MmFd1/2-MmOGOR complex(es) 
Since MmFd1 demonstrated the best kinetic properties as the redox partner for 
MmOGOR, understanding its interaction pattern with MmOGOR is meaningful in 
studying the mechanism of intermolecular electron-transfer. Additionally, MmFd1 and 
MmFd2 exhibited high sequence similarity but differ in their kinetic properties. It would 
be worthwhile to compare the two in their interaction patterns to dissect the mechanism 
of molecular recognition between MmOGOR and MmFds.  However, to date, only the 
crystal structure for MmOGOR is available and the structures of MmFd1 and MmFd2 
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were modeled. Therefore, the interpretation of the interaction pattern was highly 
speculative and the interaction of MmOGOR and MmFds needed to be further examined 
with more rigorous structural methods as well as mutational studies.  
 
 
Figure 5.16 Potential complexes of MmFd1 and MmFd2 to MmOGOR. (A) 
MmOGOR and a simulated model of MmFd1. (B) MmOGOR and a simulated model of 
MmFd1. Both simulated models were based on the crystal structure of AlvinFd 
(PDB:1BLU, Moulis et al., 1996). The distance between the two iron-sulfur clusters is 
12.5Å, based on the position of the Cluster II in AlvinFd.  
 
Initially, several online protein docking servers such as ZDock and ClusPro were 
utilized to generate possible MmFd1/2-MmOGOR complexes (Pierce et al, 2014; 
Kozakov et al., 2017). However, these computational methods usually only consider the 
protein-protein interface based on surface electrostatics, hydrophobic effect and van der 
waals interactions without consideration of the orientation of protein cofactors. Here, a 
different docking approach was taken to address the position of the iron-sulfur clusters, as 
their orientations were important in establishing the electron-transfer conduit. This 
approach has been utilized in the study of an (αβ)2 type OFOR (Yan et al., 2016). In this 
		
172 
case, models of MmFd1 and MmFd2 and the crystal structure of AlvinFd (PDB:1BLU, 
Moulis et al., 1996) were superposed with the Fd domain of DaPFOR (PDB:2C3M, 
Cavazza et al., 2006). In MmOGOR (superposed with DaPFOR), this Fd domain was 
missing and there was a large pocket for Fds to bind. The C-terminal extension of 
MmFd1 and MmFd2 seemed to be interacting with the domain III of MmOGOR, and it 
was the Cluster II in these Alvin-type Fds that may be interacting with the iron-sulfur 
cluster in MmOGOR, forming the entry point of electron-transfer. Based on the position 
of the Cluster II in AlvinFd the distance between the two clusters was 12.5 Å, well within 
the distance of long range electron-transfer (Moser et al., 1992). It is also worth noting 
that it was Cluster II, with higher potential (-485 mV), not Cluster I, with lower potential 
(-635 mV) that was interacting with the cluster in MmOGOR. This further pointed to the 
“mystic” role of the low potential cluster. Based on the finding in Chapter 4, such low 
potential was not necessarily productive in catalysis. The cluster with the lower potential 
could possibly play a role in creating a potential difference within the Fd, allowing 
distinct one-electron transfer steps (Huber et al., 1995; Kyritsis et al., 1998). In some 
cases, this cluster is proposed to play a structural rather than a redox role (Iwasaki et al., 
1994). Additionally, in MmFd2, there was an additional 14 amino-acids loop (N62 to 
T75) protruding outwards (Figure 5.16B). This additional feature may hinder the 
interaction of MmFd2 with MmOGOR. 
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5.3.7 Possible molecular forces at the hypothetical MmFd1-MmOGOR interface   
The modeled MmFd1-MmOGOR complex was further examined to find 
molecular interactions at the interface. It was found that electrostatic force may be a key 
factor that determined the orientation of MmFd1 in its interaction with MmOGOR.  
 
Figure 5.17 Possible electrostatic interaction between MmFd1 and MmOGOR. 
MmOGOR is in lime color and MmFd1 is in violet color. E73/E74/E75 and E81 are 
positioned on the C-terminal extension of MmFd1. K126α, R129α and K131α are on the 
α subunit of MmOGOR (Domain III). 
 
There are four glutamate residues on the C-terminal extension in MmFd1, 
E73/E74/E75 and E81, which could interact with the positively charged lysine and 
arginine residues on the domain III of MmOGOR. Figure 5.17 highlights the occurrence 
of such residues that could interact through electrostatic attraction. Although in the 
current model these residues were not directly interacting, the presence of these residues 
and their proximity suggested such a possibility, especially with multiple conformations 
of proteins in motion considered. For example, as shown in Chapter 4, there was a 
E73
E74
E75
E81
K131α
K126α
R129α
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significant conformation change on Domain III during catalysis (Figure 4.10). Such 
motions could open up many possible orientations to accommodate the binding of a Fd. 
Additionally, possible hydrophobic interaction was observed at the MmFd1-
MmOGOR interface. Two hydrophobic residues from MmFd1, P20 and F49, and two 
hydrophobic residues from MmOGOR, P27β and F32β, seemed to form a hydrophobic 
core at the MmFd1-MmOGOR interface. It has been suggested that hydrophobic residues 
are important for electron-transfer complexes especially when two proteins are in close 
proximity (Bendall 1996; Pieulle et al., 2004; Yan et al., 2016). The formation of this 
hydrophobic core may help to stabilize the complex and “protect” the transfer of the 
electron. 
 
Figure 5.18 Possible hydrophobic interaction between MmFd1 and MmOGOR. 
MmOGOR is in lime color and MmFd1 is in violet color. P20 and F49 are on MmFd1. 
P27β and F32β are on the β subunit of MmOGOR (Domain VI).   	
P27β
F32β
F49
P20
		
175 
5.4 DISCUSSION 	
The reductive carboxylation catalyzed by OFOR enzymes requires a low potential 
electron donor, in almost all known cases, an Fd with [4Fe-4S] clusters (either mono- or 
diclusters), while other biological mediators at a higher potential range, such as 
rubredoxins or [2Fe-2S] type Fds, are poor in supporting CO2 reduction. (Furdui and 
Ragsdale, 2000; Gehring and Arnon, 1972; Yoon et al., 1999). Therefore, the search for 
the cognate redox partner for MmOGOR was limited to Fds with [4Fe-4S] clusters. 
The electrochemical characterization provided an initial hint as to the capability 
of the three Fds serving as the electron donor for MmOGOR. As a theme throughout this 
work, the reduction potential of Fd was important in modulating OFOR enzyme activity. 
Of the three Fds, MmFd3 exhibited higher potential (-380 and -233 mV), making it unfit 
as an electron donor for MmOGOR. A previous study on RcFdIII, a MmFd3 analog, had 
also shown that it was incompetent in serving as the electron donor for either nitrogenase 
or hydrogenase (Jouanneau et al., 1993).  
In contrast, MmFd1 (-485 mV and -635 mV) and MmFd2 (-520 mV for both 
clusters) both seemed to qualify as the electron donor, from the reduction potential point 
of view. However, in this study, MmFd1 demonstrated better electron-transfer properties 
in both the 2-oxoglutarate oxidation and CO2 reduction directions than MmFd2. This 
kinetic difference is probably largely related to the difference in their reduction potential. 
One implication of having two clusters at different potentials within one protein is the 
modulation of intramolecular transfer (Huber et al., 1995). In MmFd1, the two clusters 
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are poised at different potentials with a 150 mV difference, which suggests the 
intramolecular electron-transfer would be slow due to the thermodynamic barrier. This 
also means that when the cluster at higher potential is reduced, it will be more difficult to 
reduce the second cluster at the lower potential. This was observed in the EPR studies, 
where the spectrum of dithionite-reduced MmFd1 only displayed a feature of one reduced 
[4Fe-4S] cluster. The impeded intramolecular electron-transfer probably makes MmFd1 a 
better electron mediator in one-electron processes, which matches perfectly with 
MmOGOR-catalyzed one-electron chemistry (as discussed in Chapter 4). This conclusion 
was also supported by the fact that HtFd1 (a monocluster [4Fe-4S] Fd) was also a good 
electron donor for MmOGOR in the CO2 reduction assay.   
Conversely, for Fds with two clusters at “isopotential”, for example, the 
Clostridium type and in this study MmFd2, the intramolecular electron-transfer is fast 
(Gaillard et al., 1987; Bertini et al., 1994). However, the implication of a rapid 
intramolecular electron-transfer in mediating one-electron transfer chemistry is unclear. 
In the case of MmFd2, both clusters are at -520 mV, lower than the high potential cluster 
in MmFd1. This may make it more difficult for MmFd2 to accept the first electron, which 
may explain the slower kinetics of MmFd2 in serving as the electron acceptor for 
MmOGOR. In the CO2 reduction assay, the low rate supported by MmFd2 may be 
attributed to slow kinetics of accepting electrons from the upstream reaction.  
It was also worth further pursuing the nature of MmOGOR and MmFds 
interaction from a structural biology point of view. Preliminary docking studies 
highlighted the possible contribution of electrostatic attraction and hydrophobic residues. 
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Furthermore, it was known that electron-transfer complexes are formed transiently and 
multiple orientations exist (Bendall, 1996; Pieulle et al., 2004). The docking of crystal 
structures (and homology models) here only represented a single scenario of Fd and 
MmOGOR interaction. In this sense, NMR spectroscopy could be a good method to 
study the interaction of Fd and MmOGOR. Further biochemical and biophysical studies 
examining the nature of MmOGOR-MmFds interaction are needed to further reveal 
factors that govern intermolecular electron-transfer and the mechanism of molecular 
recognition.  
The study of these Fds also provide biochemical evidence as to their biological 
functions. The gene encoding MmFd1 is in a genomic region that is related to arginine 
biosynthesis and stringent response when the cell is under stress such as amino-acids 
starvation and fatty acids limitation (Battesti and Bouveret, 2006; Haseltine and Block, 
1973; Hauryliuk et al., 2015). Because of the essential role of MmFd1 in cell growth, it is 
possible there is a link between MmFd1 and the rTCA cycle when Magnetococcus 
marinus MC-1 is under autotrophic growth condition, in which the fixation of CO2 
provides the only carbon source for cell growth (Williams et al., 2006). Based on the 
kinetic and genomic information, MmFd1 is likely the cognate redox partner for 
MmOGOR. 			
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5.5 CONCLUSIONS  	
The main objective of this chapter is to identify the cognate Fd for MmOGOR for 
the study of its CO2 reduction properties. As no previous study on the native organism 
has been done to establish the link between MmOGOR and its redox partner, a 
biochemical approach together with genomic context analysis was taken to achieve this 
goal. Three [4Fe-4S] type Fds were identified from the genome and sequence analysis 
suggested two of them resembled the Alvin-type Fds and the other belonged to the nif-
specific FdIII type. All these Fds could be produced recombinantly and preliminary 
studies using UV-vis and EPR spectroscopy confirmed these Fds after chemical 
reconstitution exhibited typical spectroscopic features of proteins that contain [4Fe-4S] 
clusters. Cyclic voltammetry was successful in determining the reduction potential of the 
iron-sulfur clusters in three MmFds. Notably, although both belong to the Alvin-type Fds, 
MmFd1 exhibited two distinct reduction potential values at -485 mV and -635 mV and 
the two clusters in MmFd2 exhibited the same potential at -520 mV. As the nif-specific 
FdIII type, MmFd3 also displayed interesting electrochemical properties, with two 
distinct reduction potentials at -380 mV and -233 mV. The electron-transfer kinetics 
between the three MmFds and MmOGOR were compared when the Fds served as the 
electron acceptor in 2-oxoglutarate oxidation, by monitoring the direct reduction of 
MmFds, or the reduction of the terminal acceptor, metronidazole. Under both conditions, 
MmFd1 demonstrated the best kinetic properties in partnership with MmOGOR and is 
possibly the cognate redox partner for MmOGOR in vivo. This finding is also in 
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agreement with the genomic context of MmFd1, in which it is flanked by genes that are 
involved in essential cellular pathways such as arginine biosynthesis and stringent 
response at special growth conditions. Comparison of three MmFds as electron donors 
for MmOGOR in CO2 reduction further confirmed this finding. Using MmFd1 as the 
electron donor, the kinetic properties of MmOGOR in CO2 reduction were examined. 
From a biochemical point of view, it remains unclear how two Alvin-type Fds, MmFd1 
and MmFd2, differ so much in their interaction with MmOGOR. The differences in 
cluster reduction potential and the structure features of the two Fds may contribute to 
different molecular recognition mechanisms of MmOGOR towards MmFd1 and MmFd2. 
Surface electrostatics and hydrophobic interactions may play an important role in the 
interaction between MmFd1 and MmOGOR and will be further investigated in future 
studies. 
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CHAPTER 6 
 
CONCLUSIONS AND FUTURE DIRECTIONS  											 	
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6.1 CONCLUSIONS 	
This work investigated the catalytic bias of OFOR enzymes in CO2 evolution and 
fixation, with a special focus on the effect of its redox partner, Fd.  
In Chapter 2, two different OFOR-Fd redox pairs, from two organisms that differ 
significantly in their CO2 metabolism, Desulfovibrio africanus and Hydrogenobacter 
thermophilus were examined in electrocatalytic assays. The results showed that OFOR 
reactions were reversible and OFORs were able to catalyze both 2-oxoacid oxidation and 
CO2 reduction in vitro. Their physiological role (the direction of the OFOR reaction in 
vivo) may be associated with the reduction potential of the native redox partner Fd. The 
low reduction potential of HtFd1 may be a key factor in overcoming the large 
thermodynamic barrier of CO2 reduction.  
In Chapter 3, the impact of Fd potential on OFOR activity was systematically 
studied. Site-directed mutagenesis of DaFdI and HtFd1 created a series of Fds that span a 
potential range of ~200 mV and demonstrate a “potential gradient”. OFOR activity was 
studied using the aforementioned electrocatalytic assay and a coupled enzymatic assay, in 
both directions. In the 2-oxoacid oxidation direction, OFOR activity was positively 
correlated to Fd potential, indicating that the thermodynamic driving force was the 
dominant factor. In the CO2 reduction direction, the relationship between OFOR activity 
and Fd potential was biphasic: at potential higher than -515 mV, the CO2 reduction 
activity was negatively correlated to Fd potential, again indicating the dominant effect of 
the thermodynamic driving force, however, at potential lower than -515 mV, the 
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relationship was less clear, possibly entering the “inverted region” of Marcus electron-
transfer theory.  
In Chapters 4 and 5, a new OFOR-Fd system from Magnetococcus marinus MC-1 
strain was introduced. The impact of Fd on OFOR is more complex in this system 
because of the complexity of these Fds. Compared to the monocluster [4Fe-4S] Fds 
studied in Chapter 2 and 3, the three MmFds demonstrated different reduction potential 
values, different intramolecular electron-transfer kinetics and additional structural 
features. MmFd1, a dicluster [4Fe-4S] Fd with two distinct reduction potentials, 
demonstrated the best kinetic properties in its interaction with MmOGOR. Apart from the 
fact that its reduction potential is within the “ideal” range for CO2 reduction suggested by 
Chapter 3, its ability to engage in one-electron transfer processes, and its structural 
features could also contribute to efficient intermolecular electron-transfer process through 
its interaction with MmOGOR.  
Overall, the investigation on the interplay of OFOR and Fd in CO2 evolution and 
fixation from different systems suggests that the reduction potential of the Fd is a 
dominant factor in governing the intermolecular electron-transfer process. Meanwhile, it 
is worth noting that there is possibly an “inverted region” for Fd as an electron donor, 
where lowering the donor reduction potential (increasing the driving force) does not 
necessarily increase OFOR catalytic activity. The impact of Fd on OFOR is further 
complicated by the intramolecular transfer kinetics of Fd and other structural features of 
the protein-protein interface. 
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Additionally, an OFOR of the one-cluster type was characterized 
spectroscopically and structurally in Chapter 4. Studies using UV-vis and EPR 
spectroscopy captured and illustrated the key steps of the catalytic cycle in the 2-oxoacid 
oxidation direction: the TPP-based radical formation and the reduction of the [4Fe-4S] 
cluster. The determination of the structure of MmOGOR allows a first view of the overall 
architecture of a OFOR of the one-cluster type that does not possess a Domain V. The 
structure also provides insight into the large conformational change in the enzyme during 
the catalytic cycle and a closer examination of the iron-sulfur cluster environment.  
 
 
6.2 FUTURE DIRECTIONS 	
6.2.1 Calculation and prediction of Fd potential 
In Chapter 3, DaFdI and especially HtFd1 as a model for the monocluster [4Fe-
4S] Fds, have been analyzed to identify the structural determinants of the reduction 
potential. The mutagenesis study has demonstrated the effect of hydrogen bonding and 
solvent accessibility on the cluster potential. Another key factor in modulating the cluster 
potential, the electrostatic effect of charged residues, has not been examined in this study, 
and could be investigated in the future. The findings of this work, together with numerous 
previous reports in examining and modulating iron-sulfur cluster potential, have enriched 
the understanding of the effect of protein environment on the redox properties of iron-
sulfur proteins.  
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Meanwhile, it is important to acknowledge the limitation of experimental work. 
While the effect of perturbations at the individual residue level has shown to be 
predictable, how the contribution from one residue could combine or synergize with the 
contribution from another is hard to predict (e.g., see Chapter 3, and the example of 
HtFd1_S66C/S64V). Furthermore, for perturbations that not only cause local change but 
also possibly a global change on the overall protein structure, it is even harder to evaluate 
the overall effect on the reduction potential. Therefore, it is necessary to take a global 
approach and account for all the factors in the cluster environment in order to determine 
the iron-sulfur cluster potential. Computational work from the Stephens group and the 
Ichiye group have made strides in the calculation of iron-sulfur cluster potential in 
proteins, though these efforts have focused on high-potential iron-sulfur cluster proteins 
(HiPIPs) (Ichiye, 1999; Stephens et al., 1996). Specifically, a web-based computational 
tool CHARMMing has been developed to calculate the reduction potential of proteins 
with metal-cofactors (Perrin et al., 2014). This computational tool takes into account both 
the intrinsic contribution of the metal redox site (calculated by density functional theory 
(DFT)) and the environmental contribution of the solvent (in this case, the solvent being 
the protein environment, calculated by Poisson-Boltzmann continuum electrostatics). 
However, at present, the algorithm works well for the calculation of reduction potentials 
for HiPIPs, where the reduction potential reflects the transition from [4Fe-4S]3+ to [4Fe-
4S]2+.  It is not suitable for the calculation of reduction potentials for the transition from 
[4Fe-4S]2+ to [4Fe-4S] +, which is usually observed in low-potential iron-sulfur proteins, 
such as Fds. This is probably because the group’s work has been largely focused on 
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HiPIPs and there was not a large enough training dataset for low-potential [4Fe-4S] 
clusters (Niu and Ichiye, 2009; Perrin et al., 2013). Through this dissertation, the 
reduction potential values of the wild type and molecular variants of DaFdI and HtFd1 
will provide a good training dataset for the calculation of low potential [4Fe-4S] clusters, 
especially with the determination of HtFd1 and HtFd1_S64A structures. Future 
computational work could provide further information on the different structure/function 
patterns and the magnitude of potential change in those molecular variants. 
Furthermore, this “Structure – Potential” computational approach still relies on 
the accurate determination of metalloprotein structures. With the development of 
sequencing techniques, there is a sea of genomic data to analyze. It is a major goal to use 
sequence to predict the redox properties of metalloproteins. This could be done through a 
“Sequence – Predicted Structure – Potential” approach, or even a “Sequence – Potential” 
bioinformatics approach.  
Monocluster [4Fe-4S] Fds usually have a sequence of less than 100 amino-acid 
residues and a generally conserved three-dimensional structure (i.e., not an entirely 
different fold across the orthologs). Meanwhile, they exhibit considerable sequence 
diversity. Here, sequence similarity networks were generated using ~2000 amino-acid 
sequences of monocluster [4Fe-4S] Fds, based on methods developed by Dr. Daniel Bak 
(Atkinson et al., 2009; Bak, PhD dissertation, Boston University, 2014). Figure 6.1 shows 
such a network at a cut-off e-value of 10-15. Monocluster [4Fe-4S] Fds with known 
potential values are highlighted and labelled in the network. For example, [4Fe-4S] Fds 
from the Aquificaceae family are in a small group on the bottom left. The three Fds 
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studied in this work all exhibited a reduction potential of ~ -480 mV (highlighted in 
magenta circles). On the top left, Fds from genus Desulfovibrio also appear to form a 
cluster, all exhibiting higher potentials of ~ -400 mV (highlighted in orange circles. 
Cammack et al., 1977; Hatchikian et al., 1984; Okawara et al.,1988). Two Fds from two 
well-characterized hyperthermophiles, Thermotoga maritima and Pyrococcus furiosus 
(TmFd and PfFd), are close to each other in sequence space, exhibiting a similar potential 
-365 and -388 mV, highlighted in red circles. Smith et al., 1995). Lastly, two known Fds 
from Paenibacillus polymyxa and Geobacillus stearothermophilus (PpFdI and GsFd) 
demonstrated different potentials (-390 and -280 mV, highlighted in green circles. 
Mullinger et al., 1975; Stombaugh et al., 1973) also group together. Yet, as discussed in 
Chapter 3, the apparent large difference in potential for Pp and Gs Fds may arise from 
different experimental conditions/methods used in their study. Based on their sequence 
similarity (68% sequence identity and 79% sequence similarity), I anticipate that the two 
Fds will exhibit similar potentials if compared side-by-side. Overall, the sequence 
similarity network suggests the determination of reduction potential by the amino-acid 
sequence, and hence structure. Monocluster [4Fe-4S] Fds as a group could provide a 
model system to investigate the “Sequence – Potential” relationship in metalloproteins in 
the future.  
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Figure 6.1 The sequence similarity network for monocluster [4Fe-4S] Fds. This 
network was generated with Cytoscape V3.5.1 (Shannon et al., 2003), at a cut-off e-value 
of 10-15. Each blue node represents one Fd sequence. Groups with less than three nodes 
were not shown in the network. Sequences for monocluster [4Fe-4S] Fds were 
downloaded from NCBI protein database by searching “4Fe-4S single cluster domain” 
AND “ferredoxin”. Fds with known potential values were labelled in the network. These 
values and their references can be found in Table 3.1 of Chapter 3.   
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6.2.2 Mechanism of OFOR in the CO2 reduction direction 
The mechanism of 2-oxoacid oxidation has been well characterized in the three-
cluster type OFORs. Additional spectroscopic evidence was obtained on MmOGOR in 
Chapter 4, providing more insights for the proposed mechanism for 2-oxoacid oxidation 
in the one-cluster type OFORs. More detailed kinetic information for MmOGOR 
operating at steady-state in both the 2-oxoacid oxidation and CO2 reduction directions 
were obtained in Chapter 5, with the putative cognate MmFd1 as the redox partner. These 
data provide a good frame-work to use MmOGOR as a model system to study the 
reaction mechanism in the CO2 reduction direction.   
Figure 6.2 suggests a possible mechanism for OFOR of the one-cluster type in the 
CO2 reduction direction. This tentative mechanism is drawn based on the proposed 
mechanism in the 2-oxoacid oxidation direction (Chapter 1, Figure 1.5). It has not been 
well characterized and there are many open questions. For example, the first half of the 
catalytic cycle (Figure 6.2, steps from 1 to 4) should involve the binding of acyl-CoA and 
one electron-transfer from Fd. In one preliminary experiment, we found that the 
incubation of succinyl-CoA with oxidized MmOGOR (the as-purified form) did not 
generate any radical intermediate, based on EPR spectroscopy. This indicates that unlike 
the CO2-release step in the 2-oxoacid oxidation direction, the release of the CoA moiety 
is a reductive cleavage process and requires one electron. However, a practical problem 
to study this process is the reduction of the [4Fe-4S] cluster in MmOGOR. Chemical 
reductants were not effective for this work. An enzymatic reduction approach, using 
MmFd1 as the electron donor, analogous to the coupled assay in Chapter 5, would be 
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helpful (Ikeda et al., 2010). A longer-range goal will be the implementation of a CODH-
powered assay as the upstream reaction, for the in situ generation of reduced MmFd1 
(Furdui and Ragsdale, 2000). 
 
Figure 6.2 The hypothetic mechanism of the one-cluster OFOR in the CO2 reduction 
direction. The mechanism is drawn based on the proposed mechanism in the 2-oxoacid 
oxidation direction. The involvement of protons is omitted in the figure. 
 
It would also be useful to obtain kinetic information on key steps in the CO2 
reduction. The spectroscopic features for the TPP radical and the reduced [4Fe-4S] 
cluster established in Chapter 4 could provide a handle to measure the time-dependent 
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change of these intermediates, through rapid kinetic techniques such as stopped-flow and 
rapid freeze quench.  	
6.2.3 The physical and structural basis of OFOR-Fd interaction   
In Chapter 5, MmFd1 was identified as the putative cognate redox partner for 
MmOGOR, based on the kinetic results. It is intriguing how MmFd1 and MmFd2 with 
such a high sequence similarity (44% identity, 55% similarity) could demonstrate such 
different kinetic properties in their interaction with MmOGOR. Further detailed 
comparative study of MmFd1 and MmFd2 in their interaction with MmOGOR could 
provide useful information on the determinants of intermolecular transfer. Currently, 
there are two hypotheses. The first one is the reduction potential difference of the two 
Fds. MmFd1 is a typical AlvinFd type, with two clusters poised at two different potential 
(-635 mV and -485 mV). On the other hand, the two clusters of MmFd2 are poised at the 
same potential (-530 mV). It was suggested the potential difference within the AlvinFd 
makes it a better one-electron mediator (Huber et al., 1995). One way to test this 
hypothesis is to make the two clusters in MmFd1 “isopotential” by raising the potential of 
Cluster I (-635 mV). Based on previous reports and findings of this work, this could be 
achieved by replacing the “5th cysteine” around Cluster I (C62) and/or making V13 a 
smaller residue (V13G/A) (Kummerle et al., 2001). This work is currently underway.  
Another hypothesis lies in the different structural features in MmFd1 and MmFd2. 
In Chapter 5, the homology models for MmFd1 and MmFd2 showed there was an 
additional loop on the C-terminus of MmFd2 (residues from position 64 to 74, compare 
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Figure 5.9A and 5.10A for the additional loop). This additional loop may impact the 
placement of MmFd2 to the MmOGOR binding pocket. One way to test this is to truncate 
this additional feature and make the C-terminus of MmFd2 more similar to that of 
MmFd1.  
Additionally, the docking analysis in Chapter 5 was based on simulated models of 
MmFd1 and MmFd2. Although it suggests electrostatic attraction and hydrophobic effect 
could impact the interaction between MmOGOR and MmFd1/2, it is difficult to 
determine which residues are indeed interacting with each other. Future structural 
characterization of the two Fds, and possibly a co-crystal study with MmOGOR will help 
to reveal more molecular details of the electron-transfer interface. NMR spectroscopy 
could also be a useful method to probe the key residues at the interface (Pieulle et al., 
2004). 
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APPENDIX 1 
Voltammograms of HtFd2, AaFd6 and DgFd 
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APPENDIX 2 
Voltammograms of all molecular variants of DaFdI 
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APPENDIX 3 
Voltammograms of all molecular variants of HtFd1 
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APPENDIX 4 
VOIDOO-calculated cavities in HtFd1 
 
Cavity 
 #      1 Starts at     26.000    27.000    20.000 
 Cavity box     22.600    33.400    23.600    33.400    14.600    
25.400 
 Cycle       GridV(vox) (A3)       #Vox Cavity vol (A3) 
     1    1.00000    1.00000         10     1.00000E+01 
     2    0.90000    0.72900         17     1.23930E+01 
     3    0.81000    0.53144         16     8.50305E+00 
     4    0.72900    0.38742         16     6.19873E+00 
     5    0.65610    0.28243         20     5.64859E+00 
     6    0.59049    0.20589         36     7.41208E+00 
     7    0.53144    0.15009         53     7.95501E+00 
     8    0.47830    0.10942         67     7.33107E+00 
     9    0.43047    0.07977        103     8.21594E+00 
    10    0.38742    0.05815        137     7.96651E+00 
 Centre of cavity gravity     27.235    28.219    20.021 
 Nr of calcns/average/sigma volume (A3)  10     8.162     1.814 
 Inside >  S3  SF4 B  82  @     26.061    26.701    20.455 
 Lining >  CG1 VAL B   7  @     27.851    30.559    14.711 
 Lining >  SG  CYS B  12  @     29.891    31.261    18.920 
 Lining >  N   THR B  13  @     29.011    33.033    21.705 
 Lining >  C   THR B  13  @     30.724    32.034    23.184 
 Lining >  OG1 THR B  13  @     27.896    32.092    24.130 
 Lining >  N   SER B  14  @     31.002    31.287    22.118 
 Lining >  CA  SER B  14  @     32.019    30.233    22.125 
 Lining >  C   SER B  14  @     31.813    29.183    23.213 
 Lining >  N   CYS B  15  @     30.599    28.653    23.314 
 Lining >  CB  CYS B  15  @     28.820    27.751    24.737 
 Lining >  SG  CYS B  15  @     27.697    26.959    23.585 
 Lining >  N   GLU B  16  @     31.014    26.141    22.611 
 Lining >  CA  GLU B  16  @     31.510    24.904    21.996 
 Lining >  CB  LEU B  17  @     26.874    23.610    22.784 
 Lining >  CG  LEU B  17  @     25.701    22.632    22.871 
 Lining >  CD2 LEU B  17  @     24.425    23.346    23.289 
 Lining >  N   CYS B  18  @     27.700    23.371    19.850 
 Lining >  CA  CYS B  18  @     27.268    22.934    18.527 
 Lining >  CB  CYS B  18  @     26.860    24.135    17.672 
 Lining >  SG  CYS B  18  @     28.118    25.403    17.486 
 Lining >  CE2 TYR B  19  @     32.761    25.820    18.300 
 Lining >  O   GLY B  32  @     33.854    29.095    19.485 
 Lining >  CB  ALA B  34  @     30.190    27.867    16.235 
 Lining >  O   VAL B  58  @     21.658    24.853    19.448 
 Lining >  CA  CYS B  62  @     22.406    27.605    21.612 
 Lining >  CB  CYS B  62  @     22.518    28.115    20.175 
 Lining >  SG  CYS B  62  @     23.595    29.562    20.009 
 Lining >  CG  PRO B  63  @     24.962    29.346    24.648 
 Lining >  CD  PRO B  63  @     24.293    28.442    23.659 
 Lining >  OG  SER B  64  @     25.258    32.655    21.106 
 Lining >  CB  SER B  66  @     25.139    32.534    17.698 
 Lining >  CG1 ILE B  67  @     24.030    27.718    16.275 
 Lining >  CD1 ILE B  67  @     24.122    26.301    16.799 
 Nr voxels/Voxel volume/Cavity volume on plot grid (A3)         24 
0.3429999     8.232 
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 Cavity 
 #      2 Starts at     29.000    27.000    31.000 
 Cavity box     25.600    34.400    23.600    32.400    27.600    
37.400 
 Cycle       GridV(vox) (A3)       #Vox Cavity vol (A3) 
     1    1.00000    1.00000          6     6.00000E+00 
     2    0.90000    0.72900         11     8.01900E+00 
     3    0.81000    0.53144         17     9.03450E+00 
     4    0.72900    0.38742         23     8.91067E+00 
     5    0.65610    0.28243         29     8.19045E+00 
     6    0.59049    0.20589         35     7.20619E+00 
     7    0.53144    0.15009         48     7.20454E+00 
 Centre of cavity gravity     29.938    28.266    31.953 
 Nr of calcns/average/sigma volume (A3)   7     7.795     0.993 
 Inside > FE1  SF4 A  82  @     30.958    29.765    32.607 
 Inside > FE2  SF4 A  82  @     30.949    27.075    32.114 
 Inside >  S3  SF4 A  82  @     30.408    28.109    34.072 
 Lining >  CG1 VAL A   7  @     30.976    29.055    37.809 
 Lining >  CG2 VAL A   7  @     28.939    27.636    38.174 
 Lining >  CA  CYS A  12  @     34.485    30.708    33.656 
 Lining >  CB  CYS A  12  @     33.313    31.197    34.506 
 Lining >  SG  CYS A  12  @     31.854    31.641    33.534 
 Lining >  N   THR A  13  @     34.360    31.344    31.320 
 Lining >  OG1 THR A  13  @     34.308    30.316    28.644 
 Lining >  N   SER A  14  @     32.282    32.840    30.572 
 Lining >  CA  SER A  14  @     31.033    33.570    30.365 
 Lining >  C   SER A  14  @     30.347    33.197    29.055 
 Lining >  N   CYS A  15  @     30.300    31.904    28.763 
 Lining >  CB  CYS A  15  @     30.274    30.059    27.162 
 Lining >  SG  CYS A  15  @     29.471    28.730    28.058 
 Lining >  N   GLU A  16  @     27.677    31.602    28.788 
 Lining >  CA  GLU A  16  @     26.242    31.732    29.061 
 Lining >  N   LEU A  17  @     26.137    29.310    28.719 
 Lining >  CA  LEU A  17  @     25.443    28.041    28.500 
 Lining >  C   LEU A  17  @     24.683    27.555    29.734 
 Lining >  CB  LEU A  17  @     26.430    26.960    28.054 
 Lining >  CG  LEU A  17  @     25.816    25.602    27.705 
 Lining >  CD2 LEU A  17  @     26.903    24.591    27.378 
 Lining >  N   CYS A  18  @     25.362    27.507    30.877 
 Lining >  CA  CYS A  18  @     24.778    26.903    32.072 
 Lining >  CB  CYS A  18  @     25.817    26.800    33.188 
 Lining >  SG  CYS A  18  @     26.550    28.354    33.677 
 Lining >  CD1 TYR A  19  @     25.179    31.958    33.487 
 Lining >  CE1 TYR A  19  @     26.066    32.814    32.869 
 Lining >  CB  ALA A  34  @     28.202    30.863    35.330 
 Lining >  CG1 VAL A  58  @     25.753    23.448    32.074 
 Lining >  N   CYS A  62  @     30.149    22.346    29.789 
 Lining >  CA  CYS A  62  @     30.892    23.566    30.096 
 Lining >  CB  CYS A  62  @     31.033    23.754    31.606 
 Lining >  SG  CYS A  62  @     32.125    25.122    32.080 
 Lining >  CG  PRO A  63  @     32.609    26.662    27.651 
 Lining >  CD  PRO A  63  @     31.692    25.710    28.358 
 Lining >  OG  SER A  64  @     34.871    27.346    31.830 
 Lining >  CB  SER A  66  @     33.985    27.054    35.157 
 Lining >  CG1 ILE A  67  @     29.581    24.697    35.279 
 Lining >  CD1 ILE A  67  @     28.327    24.530    34.456 
 Nr voxels/Voxel volume/Cavity volume on plot grid (A3)         25 
0.3429999     8.575 
   
 Cavity 
 #      3 Starts at     32.000    29.000    31.000 
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 Cavity box     28.600    35.400    25.600    32.400    27.600    
34.400 
 Cycle       GridV(vox) (A3)       #Vox Cavity vol (A3) 
     1    1.00000    1.00000          6     6.00000E+00 
     2    0.90000    0.72900          1     7.29000E-01 
     3    0.81000    0.53144         17     9.03449E+00 
     4    0.72900    0.38742         23     8.91067E+00 
     5    0.65610    0.28243         29     8.19045E+00 
     6    0.59049    0.20589         35     7.20619E+00 
     7    0.53144    0.15009         47     7.05444E+00 
     8    0.47830    0.10942         67     7.33107E+00 
     9    0.43047    0.07977         98     7.81711E+00 
    10    0.38742    0.05815        123     7.15241E+00 
 Centre of cavity gravity     30.115    28.411    31.863 
 Nr of calcns/average/sigma volume (A3)  10     6.943     2.244 
 Inside > FE1  SF4 A  82  @     30.958    29.765    32.607 
 Inside >  S2  SF4 A  82  @     28.972    30.382    31.671 
 Lining >  CA  CYS A  12  @     34.485    30.708    33.656 
 Lining >  CB  CYS A  12  @     33.313    31.197    34.506 
 Lining >  SG  CYS A  12  @     31.854    31.641    33.534 
 Lining >  N   THR A  13  @     34.360    31.344    31.320 
 Lining >  OG1 THR A  13  @     34.308    30.316    28.644 
 Lining >  N   SER A  14  @     32.282    32.840    30.572 
 Lining >  CA  SER A  14  @     31.033    33.570    30.365 
 Lining >  C   SER A  14  @     30.347    33.197    29.055 
 Lining >  N   CYS A  15  @     30.300    31.904    28.763 
 Lining >  CB  CYS A  15  @     30.274    30.059    27.162 
 Lining >  SG  CYS A  15  @     29.471    28.730    28.058 
 Lining >  N   GLU A  16  @     27.677    31.602    28.788 
 Lining >  CA  GLU A  16  @     26.242    31.732    29.061 
 Lining >  CB  LEU A  17  @     26.430    26.960    28.054 
 Lining >  CD2 LEU A  17  @     26.903    24.591    27.378 
 Lining >  SG  CYS A  18  @     26.550    28.354    33.677 
 Lining >  CE1 TYR A  19  @     26.066    32.814    32.869 
 Lining >  CB  ALA A  34  @     28.202    30.863    35.330 
 Lining >  CA  CYS A  62  @     30.892    23.566    30.096 
 Lining >  CB  CYS A  62  @     31.033    23.754    31.606 
 Lining >  SG  CYS A  62  @     32.125    25.122    32.080 
 Lining >  CG  PRO A  63  @     32.609    26.662    27.651 
 Lining >  CD  PRO A  63  @     31.692    25.710    28.358 
 Lining >  OG  SER A  64  @     34.871    27.346    31.830 
 Lining >  CB  SER A  66  @     33.985    27.054    35.157 
 Lining >  CG1 ILE A  67  @     29.581    24.697    35.279 
 Lining >  CD1 ILE A  67  @     28.327    24.530    34.456 
 Nr voxels/Voxel volume/Cavity volume on plot grid (A3)         25 
0.3430001     8.575 
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APPENDIX 5 
VOIDOO-calculated cavities in HtFd1_L17A 
 
Cavity 
 #      1 Starts at     26.000    27.000    20.000 
 Cavity box     22.600    33.400    23.600    33.400    14.600    
25.400 
 Cycle       GridV(vox) (A3)       #Vox Cavity vol (A3) 
     1    1.00000    1.00000         10     1.00000E+01 
     2    0.90000    0.72900         16     1.16640E+01 
     3    0.81000    0.53144         16     8.50305E+00 
     4    0.72900    0.38742         16     6.19873E+00 
     5    0.65610    0.28243         20     5.64859E+00 
     6    0.59049    0.20589         37     7.61797E+00 
     7    0.53144    0.15009         54     8.10511E+00 
     8    0.47830    0.10942         67     7.33107E+00 
     9    0.43047    0.07977        105     8.37547E+00 
    10    0.38742    0.05815        137     7.96651E+00 
 Centre of cavity gravity     27.227    28.214    20.021 
 Nr of calcns/average/sigma volume (A3)  10     8.141     1.643 
 Inside >  S3  SF4 B  82  @     26.061    26.701    20.455 
 Lining >  CG1 VAL B   7  @     27.851    30.559    14.711 
 Lining >  SG  CYS B  12  @     29.891    31.261    18.920 
 Lining >  N   THR B  13  @     29.011    33.033    21.705 
 Lining >  C   THR B  13  @     30.724    32.034    23.184 
 Lining >  OG1 THR B  13  @     27.896    32.092    24.130 
 Lining >  N   SER B  14  @     31.002    31.287    22.118 
 Lining >  CA  SER B  14  @     32.019    30.233    22.125 
 Lining >  C   SER B  14  @     31.813    29.183    23.213 
 Lining >  N   CYS B  15  @     30.599    28.653    23.314 
 Lining >  CB  CYS B  15  @     28.820    27.751    24.737 
 Lining >  SG  CYS B  15  @     27.697    26.959    23.585 
 Lining >  N   GLU B  16  @     31.014    26.141    22.611 
 Lining >  CA  GLU B  16  @     31.510    24.904    21.996 
 Lining >  CB  ALA B  17  @     26.884    23.634    22.807 
 Lining >  N   CYS B  18  @     27.700    23.371    19.850 
 Lining >  CA  CYS B  18  @     27.268    22.934    18.527 
 Lining >  CB  CYS B  18  @     26.860    24.135    17.672 
 Lining >  SG  CYS B  18  @     28.118    25.403    17.486 
 Lining >  CE2 TYR B  19  @     32.761    25.820    18.300 
 Lining >  O   GLY B  32  @     33.854    29.095    19.485 
 Lining >  CB  ALA B  34  @     30.190    27.867    16.235 
 Lining >  O   VAL B  58  @     21.658    24.853    19.448 
 Lining >  CA  CYS B  62  @     22.406    27.605    21.612 
 Lining >  CB  CYS B  62  @     22.518    28.115    20.175 
 Lining >  SG  CYS B  62  @     23.595    29.562    20.009 
 Lining >  CG  PRO B  63  @     24.962    29.346    24.648 
 Lining >  CD  PRO B  63  @     24.293    28.442    23.659 
 Lining >  OG  SER B  64  @     25.258    32.655    21.106 
 Lining >  CB  SER B  66  @     25.139    32.534    17.698 
 Lining >  CG1 ILE B  67  @     24.030    27.718    16.275 
 Lining >  CD1 ILE B  67  @     24.122    26.301    16.799 
 Nr voxels/Voxel volume/Cavity volume on plot grid (A3)         23 
0.3429999     7.889 
   
 
 Cavity 
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 #      2 Starts at     29.000    27.000    31.000 
 Cavity box     25.600    34.400    23.600    32.400    27.600    
37.400 
 Cycle       GridV(vox) (A3)       #Vox Cavity vol (A3) 
     1    1.00000    1.00000          6     6.00000E+00 
     2    0.90000    0.72900         11     8.01900E+00 
     3    0.81000    0.53144         17     9.03450E+00 
     4    0.72900    0.38742         22     8.52325E+00 
     5    0.65610    0.28243         29     8.19045E+00 
     6    0.59049    0.20589         35     7.20619E+00 
     7    0.53144    0.15009         48     7.20454E+00 
 Centre of cavity gravity     29.938    28.266    31.953 
 Nr of calcns/average/sigma volume (A3)   7     7.740     0.939 
 Inside >  S3  SF4 A  82  @     30.408    28.109    34.072 
 Inside > FE1  SF4 A  82  @     30.958    29.765    32.607 
 Inside > FE2  SF4 A  82  @     30.949    27.075    32.114 
 Lining >  CG1 VAL A   7  @     30.976    29.055    37.809 
 Lining >  CG2 VAL A   7  @     28.939    27.636    38.174 
 Lining >  CA  CYS A  12  @     34.485    30.708    33.656 
 Lining >  CB  CYS A  12  @     33.313    31.197    34.506 
 Lining >  SG  CYS A  12  @     31.854    31.641    33.534 
 Lining >  N   THR A  13  @     34.360    31.344    31.320 
 Lining >  OG1 THR A  13  @     34.308    30.316    28.644 
 Lining >  N   SER A  14  @     32.282    32.840    30.572 
 Lining >  CA  SER A  14  @     31.033    33.570    30.365 
 Lining >  C   SER A  14  @     30.347    33.197    29.055 
 Lining >  N   CYS A  15  @     30.300    31.904    28.763 
 Lining >  CB  CYS A  15  @     30.274    30.059    27.162 
 Lining >  SG  CYS A  15  @     29.471    28.730    28.058 
 Lining >  N   GLU A  16  @     27.677    31.602    28.788 
 Lining >  CA  GLU A  16  @     26.242    31.732    29.061 
 Lining >  N   ALA A  17  @     26.133    29.276    28.728 
 Lining >  CA  ALA A  17  @     25.424    28.020    28.502 
 Lining >  C   ALA A  17  @     24.679    27.590    29.742 
 Lining >  CB  ALA A  17  @     26.457    26.979    28.036 
 Lining >  N   CYS A  18  @     25.362    27.507    30.877 
 Lining >  CA  CYS A  18  @     24.778    26.903    32.072 
 Lining >  CB  CYS A  18  @     25.817    26.800    33.188 
 Lining >  SG  CYS A  18  @     26.550    28.354    33.677 
 Lining >  CD1 TYR A  19  @     25.179    31.958    33.487 
 Lining >  CE1 TYR A  19  @     26.066    32.814    32.869 
 Lining >  CB  ALA A  34  @     28.202    30.863    35.330 
 Lining >  CG1 VAL A  58  @     25.753    23.448    32.074 
 Lining >  N   CYS A  62  @     30.149    22.346    29.789 
 Lining >  CA  CYS A  62  @     30.892    23.566    30.096 
 Lining >  CB  CYS A  62  @     31.033    23.754    31.606 
 Lining >  SG  CYS A  62  @     32.125    25.122    32.080 
 Lining >  CG  PRO A  63  @     32.609    26.662    27.651 
 Lining >  CD  PRO A  63  @     31.692    25.710    28.358 
 Lining >  OG  SER A  64  @     34.871    27.346    31.830 
 Lining >  CB  SER A  66  @     33.985    27.054    35.157 
 Lining >  CG1 ILE A  67  @     29.581    24.697    35.279 
 Lining >  CD1 ILE A  67  @     28.327    24.530    34.456 
 Nr voxels/Voxel volume/Cavity volume on plot grid (A3)         25 
0.3429999     8.575 
   
 Cavity 
 #      3 Starts at     32.000    29.000    31.000 
 Cavity box     28.600    35.400    25.600    32.400    27.600    
34.400 
 Cycle       GridV(vox) (A3)       #Vox Cavity vol (A3) 
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     1    1.00000    1.00000          6     6.00000E+00 
     2    0.90000    0.72900          1     7.29000E-01 
     3    0.81000    0.53144         17     9.03449E+00 
     4    0.72900    0.38742         22     8.52325E+00 
     5    0.65610    0.28243         29     8.19045E+00 
     6    0.59049    0.20589         35     7.20619E+00 
     7    0.53144    0.15009         47     7.05444E+00 
     8    0.47830    0.10942         67     7.33107E+00 
     9    0.43047    0.07977         97     7.73734E+00 
    10    0.38742    0.05815        123     7.15241E+00 
 Centre of cavity gravity     30.115    28.411    31.863 
 Nr of calcns/average/sigma volume (A3)  10     6.896     2.209 
 Inside >  S2  SF4 A  82  @     28.972    30.382    31.671 
 Inside > FE1  SF4 A  82  @     30.958    29.765    32.607 
 Lining >  CA  CYS A  12  @     34.485    30.708    33.656 
 Lining >  CB  CYS A  12  @     33.313    31.197    34.506 
 Lining >  SG  CYS A  12  @     31.854    31.641    33.534 
 Lining >  N   THR A  13  @     34.360    31.344    31.320 
 Lining >  OG1 THR A  13  @     34.308    30.316    28.644 
 Lining >  N   SER A  14  @     32.282    32.840    30.572 
 Lining >  CA  SER A  14  @     31.033    33.570    30.365 
 Lining >  C   SER A  14  @     30.347    33.197    29.055 
 Lining >  N   CYS A  15  @     30.300    31.904    28.763 
 Lining >  CB  CYS A  15  @     30.274    30.059    27.162 
 Lining >  SG  CYS A  15  @     29.471    28.730    28.058 
 Lining >  N   GLU A  16  @     27.677    31.602    28.788 
 Lining >  CA  GLU A  16  @     26.242    31.732    29.061 
 Lining >  CB  ALA A  17  @     26.457    26.979    28.036 
 Lining >  SG  CYS A  18  @     26.550    28.354    33.677 
 Lining >  CE1 TYR A  19  @     26.066    32.814    32.869 
 Lining >  CB  ALA A  34  @     28.202    30.863    35.330 
 Lining >  CA  CYS A  62  @     30.892    23.566    30.096 
 Lining >  CB  CYS A  62  @     31.033    23.754    31.606 
 Lining >  SG  CYS A  62  @     32.125    25.122    32.080 
 Lining >  CG  PRO A  63  @     32.609    26.662    27.651 
 Lining >  CD  PRO A  63  @     31.692    25.710    28.358 
 Lining >  OG  SER A  64  @     34.871    27.346    31.830 
 Lining >  CB  SER A  66  @     33.985    27.054    35.157 
 Lining >  CG1 ILE A  67  @     29.581    24.697    35.279 
 Lining >  CD1 ILE A  67  @     28.327    24.530    34.456 
 Nr voxels/Voxel volume/Cavity volume on plot grid (A3)         25 
0.3430001     8.575 
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APPENDIX 6 
VOIDOO-calculated cavities in HtFd1_L17G 
 
Cavity 
 #      1 Starts at     24.000    23.000    22.000 
 Cavity box     20.400    31.600    19.400    28.600    17.400    
32.600 
 Cycle       GridV(vox) (A3)       #Vox Cavity vol (A3) 
     1    1.00000    1.00000         35     3.50000E+01 
     2    0.90000    0.72900         55     4.00950E+01 
     3    0.81000    0.53144         81     4.30467E+01 
     4    0.72900    0.38742         95     3.68049E+01 
     5    0.65610    0.28243        134     3.78455E+01 
     6    0.59049    0.20589        195     4.01488E+01 
     7    0.53144    0.15009        268     4.02253E+01 
 Centre of cavity gravity     26.096    24.692    24.805 
 Nr of calcns/average/sigma volume (A3)   7    39.024     2.465 
 Inside >  S1  SF4 A  82  @     28.947    26.845    31.049 
 Inside >  S3  SF4 A  82  @     30.408    28.109    34.072 
 Inside > FE1  SF4 A  82  @     30.958    29.765    32.607 
 Inside > FE2  SF4 A  82  @     30.949    27.075    32.114 
 Inside >  S2  SF4 B  82  @     27.039    30.043    21.389 
 Inside > FE1  SF4 B  82  @     27.718    27.869    21.503 
 Inside > FE3  SF4 B  82  @     28.369    29.691    19.571 
 Lining >  SG  CYS A  15  @     29.471    28.730    28.058 
 Lining >  CA  GLY A  17  @     25.440    28.032    28.493 
 Lining >  C   GLY A  17  @     24.698    27.575    29.726 
 Lining >  O   GLY A  17  @     23.498    27.235    29.650 
 Lining >  N   CYS A  18  @     25.362    27.507    30.877 
 Lining >  CA  CYS A  18  @     24.778    26.903    32.072 
 Lining >  CB  CYS A  18  @     25.817    26.800    33.188 
 Lining >  SG  CYS A  18  @     26.550    28.354    33.677 
 Lining >  CB  ARG A  21  @     20.821    24.834    29.493 
 Lining >  CZ  ARG A  21  @     22.372    22.347    27.133 
 Lining >  NH1 ARG A  21  @     23.430    22.873    27.733 
 Lining >  NH2 ARG A  21  @     22.412    22.090    25.834 
 Lining >  O   VAL A  58  @     28.191    21.647    31.618 
 Lining >  CG1 VAL A  58  @     25.753    23.448    32.074 
 Lining >  CA  GLU A  61  @     29.212    20.640    28.322 
 Lining >  C   GLU A  61  @     29.952    21.956    28.532 
 Lining >  O   GLU A  61  @     30.331    22.610    27.561 
 Lining >  CB  GLU A  61  @     27.758    20.924    27.952 
 Lining >  CG  GLU A  61  @     27.062    19.757    27.277 
 Lining >  CD  GLU A  61  @     25.574    19.980    27.131 
 Lining >  OE1 GLU A  61  @     25.079    21.020    27.615 
 Lining >  OE2 GLU A  61  @     24.899    19.118    26.536 
 Lining >  N   CYS A  62  @     30.149    22.346    29.789 
 Lining >  CA  CYS A  62  @     30.892    23.566    30.096 
 Lining >  CB  CYS A  62  @     31.033    23.754    31.606 
 Lining >  SG  CYS A  62  @     32.125    25.122    32.080 
 Lining >  CD  PRO A  63  @     31.692    25.710    28.358 
 Lining >  CD1 ILE A  67  @     28.327    24.530    34.456 
 Lining >  CA  SER B  14  @     32.019    30.233    22.125 
 Lining >  N   CYS B  15  @     30.599    28.653    23.314 
 Lining >  CA  CYS B  15  @     30.294    27.670    24.347 
 Lining >  C   CYS B  15  @     30.651    26.256    23.890 
 Lining >  O   CYS B  15  @     30.586    25.305    24.676 
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 Lining >  CB  CYS B  15  @     28.820    27.751    24.737 
 Lining >  SG  CYS B  15  @     27.697    26.959    23.585 
 Lining >  N   GLU B  16  @     31.014    26.141    22.611 
 Lining >  CA  GLU B  16  @     31.510    24.904    21.996 
 Lining >  N   GLY B  17  @     29.217    24.065    22.222 
 Lining >  CA  GLY B  17  @     28.173    23.045    22.220 
 Lining >  C   GLY B  17  @     27.946    22.505    20.829 
 Lining >  O   GLY B  17  @     27.962    21.272    20.613 
 Lining >  N   CYS B  18  @     27.700    23.371    19.850 
 Lining >  CA  CYS B  18  @     27.268    22.934    18.527 
 Lining >  CB  CYS B  18  @     26.860    24.135    17.672 
 Lining >  SG  CYS B  18  @     28.118    25.403    17.486 
 Lining >  CD2 TYR B  19  @     32.135    24.910    17.474 
 Lining >  CE2 TYR B  19  @     32.761    25.820    18.300 
 Lining >  CG  ARG B  21  @     25.959    18.475    21.328 
 Lining >  CD  ARG B  21  @     24.468    18.520    21.572 
 Lining >  NE  ARG B  21  @     24.136    18.608    22.988 
 Lining >  CZ  ARG B  21  @     22.915    18.863    23.441 
 Lining >  NH1 ARG B  21  @     21.920    19.054    22.583 
 Lining >  NH2 ARG B  21  @     22.688    18.928    24.746 
 Lining >  N   ALA B  34  @     31.909    29.556    16.559 
 Lining >  CB  ALA B  34  @     30.190    27.867    16.235 
 Lining >  CA  VAL B  58  @     21.412    22.483    19.177 
 Lining >  C   VAL B  58  @     21.142    23.939    18.805 
 Lining >  O   VAL B  58  @     21.658    24.853    19.448 
 Lining >  CB  VAL B  58  @     22.752    22.049    18.542 
 Lining >  CG1 VAL B  58  @     23.173    20.696    19.069 
 Lining >  C   GLU B  61  @     21.097    26.012    22.901 
 Lining >  O   GLU B  61  @     21.721    26.264    23.934 
 Lining >  CB  GLU B  61  @     20.465    23.628    23.244 
 Lining >  CD  GLU B  61  @     19.938    21.231    23.777 
 Lining >  OE1 GLU B  61  @     21.062    21.089    24.305 
 Lining >  N   CYS B  62  @     21.396    26.557    21.723 
 Lining >  CA  CYS B  62  @     22.406    27.605    21.612 
 Lining >  CB  CYS B  62  @     22.518    28.115    20.175 
 Lining >  SG  CYS B  62  @     23.595    29.562    20.009 
 Lining >  CB  PRO B  63  @     23.869    29.857    25.521 
 Lining >  CG  PRO B  63  @     24.962    29.346    24.648 
 Lining >  CD  PRO B  63  @     24.293    28.442    23.659 
 Lining >  CG1 ILE B  67  @     24.030    27.718    16.275 
 Lining >  CD1 ILE B  67  @     24.122    26.301    16.799 
 Nr voxels/Voxel volume/Cavity volume on plot grid (A3)        116 
0.3430000    39.788 
   
 Cavity 
 #      2 Starts at     27.000    28.000    20.000 
 Cavity box     23.400    31.600    24.400    31.600    16.400    
23.600 
 Cycle       GridV(vox) (A3)       #Vox Cavity vol (A3) 
     1    1.00000    1.00000         10     1.00000E+01 
     2    0.90000    0.72900         24     1.74960E+01 
     3    0.81000    0.53144         26     1.38175E+01 
     4    0.72900    0.38742         16     6.19873E+00 
     5    0.65610    0.28243         20     5.64859E+00 
     6    0.59049    0.20589         62     1.27652E+01 
     7    0.53144    0.15009         99     1.48594E+01 
     8    0.47830    0.10942        108     1.18172E+01 
     9    0.43047    0.07977        165     1.31615E+01 
    10    0.38742    0.05815        229     1.33163E+01 
 Centre of cavity gravity     26.201    26.766    20.794 
 Nr of calcns/average/sigma volume (A3)  10    11.908     3.511 
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 Inside >  S1  SF4 B  82  @     26.910    29.102    17.922 
 Inside >  S2  SF4 B  82  @     27.039    30.043    21.389 
 Inside >  S3  SF4 B  82  @     26.061    26.701    20.455 
 Inside >  S4  SF4 B  82  @     29.477    27.760    20.063 
 Lining >  CG1 VAL B   7  @     27.851    30.559    14.711 
 Lining >  SG  CYS B  12  @     29.891    31.261    18.920 
 Lining >  N   THR B  13  @     29.011    33.033    21.705 
 Lining >  C   THR B  13  @     30.724    32.034    23.184 
 Lining >  OG1 THR B  13  @     27.896    32.092    24.130 
 Lining >  N   SER B  14  @     31.002    31.287    22.118 
 Lining >  CA  SER B  14  @     32.019    30.233    22.125 
 Lining >  C   SER B  14  @     31.813    29.183    23.213 
 Lining >  N   CYS B  15  @     30.599    28.653    23.314 
 Lining >  CB  CYS B  15  @     28.820    27.751    24.737 
 Lining >  SG  CYS B  15  @     27.697    26.959    23.585 
 Lining >  N   GLU B  16  @     31.014    26.141    22.611 
 Lining >  CA  GLU B  16  @     31.510    24.904    21.996 
 Lining >  CA  GLY B  17  @     28.173    23.045    22.220 
 Lining >  C   GLY B  17  @     27.946    22.505    20.829 
 Lining >  N   CYS B  18  @     27.700    23.371    19.850 
 Lining >  CA  CYS B  18  @     27.268    22.934    18.527 
 Lining >  CB  CYS B  18  @     26.860    24.135    17.672 
 Lining >  SG  CYS B  18  @     28.118    25.403    17.486 
 Lining >  CE2 TYR B  19  @     32.761    25.820    18.300 
 Lining >  CB  ALA B  34  @     30.190    27.867    16.235 
 Lining >  CA  VAL B  58  @     21.412    22.483    19.177 
 Lining >  C   VAL B  58  @     21.142    23.939    18.805 
 Lining >  O   VAL B  58  @     21.658    24.853    19.448 
 Lining >  CB  VAL B  58  @     22.752    22.049    18.542 
 Lining >  C   GLU B  61  @     21.097    26.012    22.901 
 Lining >  O   GLU B  61  @     21.721    26.264    23.934 
 Lining >  N   CYS B  62  @     21.396    26.557    21.723 
 Lining >  CA  CYS B  62  @     22.406    27.605    21.612 
 Lining >  CB  CYS B  62  @     22.518    28.115    20.175 
 Lining >  SG  CYS B  62  @     23.595    29.562    20.009 
 Lining >  CG  PRO B  63  @     24.962    29.346    24.648 
 Lining >  CD  PRO B  63  @     24.293    28.442    23.659 
 Lining >  OG  SER B  64  @     25.258    32.655    21.106 
 Lining >  CB  SER B  66  @     25.139    32.534    17.698 
 Lining >  CG1 ILE B  67  @     24.030    27.718    16.275 
 Lining >  CD1 ILE B  67  @     24.122    26.301    16.799 
 Nr voxels/Voxel volume/Cavity volume on plot grid (A3)         42 
0.3430000    14.406 
   
 Cavity 
 #      3 Starts at     27.000    29.000    18.000 
 Cavity box     23.400    30.600    25.400    32.600    14.400    
21.600 
 Cycle       GridV(vox) (A3)       #Vox Cavity vol (A3) 
     1    1.00000    1.00000          9     9.00000E+00 
     2    0.90000    0.72900         19     1.38510E+01 
     3    0.81000    0.53144         15     7.97161E+00 
     4    0.72900    0.38742         15     5.81131E+00 
     5    0.65610    0.28243         18     5.08373E+00 
     6    0.59049    0.20589         41     8.44153E+00 
     7    0.53144    0.15009         61     9.15577E+00 
     8    0.47830    0.10942         74     8.09700E+00 
     9    0.43047    0.07977        111     8.85407E+00 
    10    0.38742    0.05815        142     8.25726E+00 
 Centre of cavity gravity     27.038    27.908    20.037 
 Nr of calcns/average/sigma volume (A3)  10     8.452     2.210 
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 Inside >  S2  SF4 B  82  @     27.039    30.043    21.389 
 Inside >  S3  SF4 B  82  @     26.061    26.701    20.455 
 Inside > FE3  SF4 B  82  @     28.369    29.691    19.571 
 Lining >  CG1 VAL B   7  @     27.851    30.559    14.711 
 Lining >  SG  CYS B  12  @     29.891    31.261    18.920 
 Lining >  N   THR B  13  @     29.011    33.033    21.705 
 Lining >  N   SER B  14  @     31.002    31.287    22.118 
 Lining >  CA  SER B  14  @     32.019    30.233    22.125 
 Lining >  C   SER B  14  @     31.813    29.183    23.213 
 Lining >  N   CYS B  15  @     30.599    28.653    23.314 
 Lining >  SG  CYS B  15  @     27.697    26.959    23.585 
 Lining >  N   GLU B  16  @     31.014    26.141    22.611 
 Lining >  CA  GLU B  16  @     31.510    24.904    21.996 
 Lining >  CA  GLY B  17  @     28.173    23.045    22.220 
 Lining >  N   CYS B  18  @     27.700    23.371    19.850 
 Lining >  CB  CYS B  18  @     26.860    24.135    17.672 
 Lining >  SG  CYS B  18  @     28.118    25.403    17.486 
 Lining >  CB  ALA B  34  @     30.190    27.867    16.235 
 Lining >  O   VAL B  58  @     21.658    24.853    19.448 
 Lining >  CA  CYS B  62  @     22.406    27.605    21.612 
 Lining >  CB  CYS B  62  @     22.518    28.115    20.175 
 Lining >  SG  CYS B  62  @     23.595    29.562    20.009 
 Lining >  OG  SER B  64  @     25.258    32.655    21.106 
 Lining >  CB  SER B  66  @     25.139    32.534    17.698 
 Lining >  CG1 ILE B  67  @     24.030    27.718    16.275 
 Lining >  CD1 ILE B  67  @     24.122    26.301    16.799 
 Nr voxels/Voxel volume/Cavity volume on plot grid (A3)         24 
0.3430001     8.232 
   
 Cavity 
 #      4 Starts at     32.000    29.000    31.000 
 Cavity box     28.400    35.600    25.400    32.600    27.400    
34.600 
 Cycle       GridV(vox) (A3)       #Vox Cavity vol (A3) 
     1    1.00000    1.00000         10     1.00000E+01 
     2    0.90000    0.72900          1     7.29000E-01 
     3    0.81000    0.53144         18     9.56594E+00 
     4    0.72900    0.38742         33     1.27849E+01 
     5    0.65610    0.28243         37     1.04499E+01 
     6    0.59049    0.20589         36     7.41208E+00 
     7    0.53144    0.15009         61     9.15577E+00 
     8    0.47830    0.10942         77     8.42526E+00 
     9    0.43047    0.07977        120     9.57197E+00 
    10    0.38742    0.05815        143     8.31541E+00 
 Centre of cavity gravity     29.907    28.073    31.598 
 Nr of calcns/average/sigma volume (A3)  10     8.641     2.976 
 Inside >  S1  SF4 A  82  @     28.947    26.845    31.049 
 Inside > FE1  SF4 A  82  @     30.958    29.765    32.607 
 Lining >  CA  CYS A  12  @     34.485    30.708    33.656 
 Lining >  CB  CYS A  12  @     33.313    31.197    34.506 
 Lining >  SG  CYS A  12  @     31.854    31.641    33.534 
 Lining >  N   THR A  13  @     34.360    31.344    31.320 
 Lining >  OG1 THR A  13  @     34.308    30.316    28.644 
 Lining >  N   SER A  14  @     32.282    32.840    30.572 
 Lining >  CA  SER A  14  @     31.033    33.570    30.365 
 Lining >  C   SER A  14  @     30.347    33.197    29.055 
 Lining >  N   CYS A  15  @     30.300    31.904    28.763 
 Lining >  CB  CYS A  15  @     30.274    30.059    27.162 
 Lining >  SG  CYS A  15  @     29.471    28.730    28.058 
 Lining >  N   GLU A  16  @     27.677    31.602    28.788 
 Lining >  CA  GLU A  16  @     26.242    31.732    29.061 
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 Lining >  SG  CYS A  18  @     26.550    28.354    33.677 
 Lining >  CE1 TYR A  19  @     26.066    32.814    32.869 
 Lining >  CB  ALA A  34  @     28.202    30.863    35.330 
 Lining >  CA  CYS A  62  @     30.892    23.566    30.096 
 Lining >  CB  CYS A  62  @     31.033    23.754    31.606 
 Lining >  SG  CYS A  62  @     32.125    25.122    32.080 
 Lining >  CG  PRO A  63  @     32.609    26.662    27.651 
 Lining >  CD  PRO A  63  @     31.692    25.710    28.358 
 Lining >  OG  SER A  64  @     34.871    27.346    31.830 
 Lining >  CB  SER A  66  @     33.985    27.054    35.157 
 Lining >  CG1 ILE A  67  @     29.581    24.697    35.279 
 Lining >  CD1 ILE A  67  @     28.327    24.530    34.456 
 Nr voxels/Voxel volume/Cavity volume on plot grid (A3)         32 
0.3430001    10.976 
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APPENDIX 7 
VOIDOO-calculated Cavity 3 in MmOGOR and MmOGOR_ I45Aα 
 
MmOGOR 
 
Cavity 
 #      3 Starts at    160.000   117.000    17.000 
 Cavity box    156.600   165.400   112.600   122.400    13.600    
21.400 
 Cycle       GridV(vox) (A3)       #Vox Cavity vol (A3) 
     1    1.00000    1.00000          5     5.00000E+00 
     2    0.90000    0.72900         19     1.38510E+01 
     3    0.81000    0.53144         27     1.43489E+01 
     4    0.72900    0.38742         10     3.87420E+00 
     5    0.65610    0.28243         19     5.36616E+00 
     6    0.59049    0.20589         66     1.35888E+01 
     7    0.53144    0.15009         30     4.50284E+00 
     8    0.47830    0.10942        108     1.18172E+01 
     9    0.43047    0.07977        146     1.16459E+01 
    10    0.38742    0.05815        215     1.25022E+01 
 Centre of cavity gravity    161.937   115.287    15.778 
 Nr of calcns/average/sigma volume (A3)  10     9.650     4.146 
 Inside >  S1  SF4 D 401  @    161.285   114.388    16.482 
 Inside > FE3  SF4 D 401  @    163.330   114.729    15.532 
 Lining >  CA  GLU C  45  @    159.156   122.112    17.978 
 Lining >  CB  GLU C  45  @    158.260   121.187    18.801 
 Lining >  OE1 GLU C  45  @    160.375   120.483    20.470 
 Lining >  N   ILE C  46  @    159.882   120.824    16.063 
 Lining >  CA  ILE C  46  @    159.939   120.464    14.649 
 Lining >  C   ILE C  46  @    158.606   119.899    14.176 
 Lining >  CB  ILE C  46  @    161.100   119.479    14.409 
 Lining >  CG1 ILE C  46  @    162.436   120.164    14.696 
 Lining >  CG2 ILE C  46  @    161.077   118.951    12.986 
 Lining >  CD1 ILE C  46  @    163.633   119.263    14.513 
 Lining >  N   LYS C  47  @    157.895   119.175    15.045 
 Lining >  C   THR D  24  @    157.503   116.190    20.200 
 Lining >  O   THR D  24  @    157.761   117.009    19.312 
 Lining >  CA  TRP D  25  @    158.527   114.406    18.932 
 Lining >  C   TRP D  25  @    157.485   114.358    17.816 
 Lining >  CB  TRP D  25  @    159.078   112.998    19.156 
 Lining >  CG  TRP D  25  @    160.297   112.906    20.020 
 Lining >  CD1 TRP D  25  @    161.378   113.746    20.025 
 Lining >  N   CYS D  26  @    157.972   114.367    16.575 
 Lining >  CB  CYS D  26  @    157.896   114.333    14.120 
 Lining >  SG  CYS D  26  @    158.934   115.770    13.907 
 Lining >  CB  CYS D  29  @    159.486   110.547    15.905 
 Lining >  SG  CYS D  29  @    161.245   110.479    16.477 
 Lining >  CD2 HIS D  31  @    164.161   110.712    18.528 
 Lining >  NE2 HIS D  31  @    165.293   110.503    17.777 
 Lining >  CB  CYS D  60  @    165.123   114.531    18.028 
 Lining >  SG  CYS D  60  @    164.721   115.900    16.931 
 Lining >  NH1 ARG D  63  @    160.847   117.489    21.032 
 Lining >  ND2 ASN D 130  @    166.883   110.664    14.315 
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 Lining >  CA  GLY D 134  @    167.073   115.397    13.352 
 Lining >  C   GLY D 134  @    166.915   116.807    13.890 
 Lining >  O   GLY D 134  @    166.337   117.674    13.226 
 Lining >  CD1 LEU D 135  @    165.817   119.600    18.221 
 Lining >  CB  CYS D 209  @    164.198   110.833    11.422 
 Lining >  SG  CYS D 209  @    163.992   112.635    11.211 
 Nr voxels/Voxel volume/Cavity volume on plot grid (A3)         28 
0.3429999     9.604 
 
 
MmOGOR_ I45Aα 
 
Cavity 
 #      3 Starts at    160.000   117.000    17.000 
 Cavity box    156.600   165.400   112.600   122.400    13.600    
21.400 
 Cycle       GridV(vox) (A3)       #Vox Cavity vol (A3) 
     1    1.00000    1.00000          5     5.00000E+00 
     2    0.90000    0.72900         19     1.38510E+01 
     3    0.81000    0.53144         25     1.32860E+01 
     4    0.72900    0.38742         10     3.87420E+00 
     5    0.65610    0.28243         16     4.51887E+00 
     6    0.59049    0.20589         66     1.35888E+01 
     7    0.53144    0.15009         27     4.05255E+00 
     8    0.47830    0.10942        106     1.15984E+01 
     9    0.43047    0.07977        147     1.17257E+01 
    10    0.38742    0.05815        215     1.25022E+01 
 Centre of cavity gravity    161.998   115.262    15.681 
 Nr of calcns/average/sigma volume (A3)  10     9.400     4.179 
 Inside >  S1  SF4 D 401  @    161.285   114.388    16.482 
 Inside > FE3  SF4 D 401  @    163.330   114.729    15.532 
 Lining >  CA  GLU C  45  @    159.156   122.112    17.978 
 Lining >  CB  GLU C  45  @    158.260   121.187    18.801 
 Lining >  OE1 GLU C  45  @    160.375   120.483    20.470 
 Lining >  N   ALA C  46  @    159.892   120.811    16.054 
 Lining >  CB  ALA C  46  @    161.099   119.487    14.426 
 Lining >  N   LYS C  47  @    157.895   119.175    15.045 
 Lining >  C   THR D  24  @    157.503   116.190    20.200 
 Lining >  O   THR D  24  @    157.761   117.009    19.312 
 Lining >  CA  TRP D  25  @    158.527   114.406    18.932 
 Lining >  C   TRP D  25  @    157.485   114.358    17.816 
 Lining >  CB  TRP D  25  @    159.078   112.998    19.156 
 Lining >  CG  TRP D  25  @    160.297   112.906    20.020 
 Lining >  CD1 TRP D  25  @    161.378   113.746    20.025 
 Lining >  N   CYS D  26  @    157.972   114.367    16.575 
 Lining >  CB  CYS D  26  @    157.896   114.333    14.120 
 Lining >  SG  CYS D  26  @    158.934   115.770    13.907 
 Lining >  CB  CYS D  29  @    159.486   110.547    15.905 
 Lining >  SG  CYS D  29  @    161.245   110.479    16.477 
 Lining >  CD2 HIS D  31  @    164.161   110.712    18.528 
 Lining >  NE2 HIS D  31  @    165.293   110.503    17.777 
 Lining >  CB  CYS D  60  @    165.123   114.531    18.028 
 Lining >  SG  CYS D  60  @    164.721   115.900    16.931 
 Lining >  NH1 ARG D  63  @    160.847   117.489    21.032 
 Lining >  ND2 ASN D 130  @    166.883   110.664    14.315 
 Lining >  CA  GLY D 134  @    167.073   115.397    13.352 
 Lining >  C   GLY D 134  @    166.915   116.807    13.890 
 Lining >  O   GLY D 134  @    166.337   117.674    13.226 
 Lining >  CD1 LEU D 135  @    165.817   119.600    18.221 
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 Lining >  CB  CYS D 209  @    164.198   110.833    11.422 
 Lining >  SG  CYS D 209  @    163.992   112.635    11.211 
 Nr voxels/Voxel volume/Cavity volume on plot grid (A3)         33 
0.3429999    11.319 
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